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Abstract 
This report describes Phase I11 of a project entitled Innovative Applications ofEnergy 
Storage in a Restructured Electricity Marketplace. For this study, the authors assumed 
that it is feasible to operate an energy storage plant simultaneously for two primary 
applications: 1) energy arbitrage, i.e., buy-low-sell-high, and 2) to reduce peak loads in 
utility “hot spots” such that the utility can defer their need to upgrade transmission and 
distribution (T&D) equipment. The benefits from the arbitrage plus T&D deferral 
applications were estimated for five cases based on the specific requirements of two large 
utilities operating in the Eastern U.S. A number of parameters were estimated for the 
storage plant ratings required to serve the combined application: power output (capacity) 
and energy discharge duration (energy storage). In addition to estimating the various 
financial expenditures and the value of electricity that could be realized in the 
marketplace, technical characteristics required for grid-connected distributed energy 
storage used for capacity deferral were also explored. 
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Executive Summary 
Goal and Scope 
This project is a continuation of a study initiated in 1998 that defined several possible 
electricity-provider scenarios that could use energy storage after the restructuring of the 
U.S. electric utility industry. For this Phase I11 study, the authors worked under the 
assumption that it is feasible to operate an energy storage plant simultaneously for two 
primary applications: 1) energy arbitrage, and 2) to reduce peak load on a utility grid, 
which would enable the utility to defer the need to upgrade transmission and distribution 
(T&D) equipment. Possible secondary applications were considered and related storage 
system benefits are described in Appendix A - Secondary Benefits. The economics of 
energy storage were evaluated for the combined application involving arbitrage (buy- 
low-sell-high benefits) plus T&D deferral as the primary benefits. 
The benefits from the arbitrage plus T&D deferral applications were estimated for five 
cases based on the specific requirements of two large utilities operating in the Eastern 
U.S. A number of parameters were estimated for the storage plant ratings required to 
serve the combined application: power output (capacity) and energy discharge duration 
(energy storage). In addition to estimating the various financial expenditures and the 
value of electricity that could be realized in the marketplace, technical characteristics 
required for grid-connected distributed energy storage (DS) used for capacity deferral 
were also explored. 
The authors solicited vendors’ perspectives for this Phase I11 effort to: 1) ensure the 
technical requirements for the combined applications were feasible, and 2) verify that the 
business assumptions were sound. A consequence of this activity was to help validate the 
value proposition of the compatibility of these two applications. These activities also 
provided an opportunity to engage key stakeholders in a dialogue about real and 
perceived market challenges as well as providing a quantification of the costs and 
benefits of DS for this important industry sector. 
Based on the vendor information and financial analysis, the market opportunity was 
clarified and included the evaluation of market challenges and market development needs 
and opportunities. To address the riskheward structure gap, it is believed that there will 
need to be certain warranties and guarantees in place before utilities will widely adopt the 
use of storage for T&D deferral. To address these immediate barriers, many of the 
suggestions for future work revolve around creating familiarity with storage devices 
through demonstration projects. This increased familiarity can serve as the basis of a 
detailed plan for encouraging development of this market. 
Conclusions from this effort identified a significant potential to deploy DS thus providing 
important benefits associated with both arbitrage transactions and utility T&D capacity 
upgrade deferral. Results from analysis of the Pennsylvania, New Jersey, and Maryland 
(PJM) region in the central U.S. East Coast indicated that arbitrage benefits for ten years 
of operation are on the order of $300/kW. Single year T&D capacity upgrade deferrals 
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are worth as much as $l,OOO/kW of storage installed. These benefits appear to be 
additive and even more benefits can be earned by portable storage systems. Locations 
with suitable conditions for these applications may amount to tens of gigawatts. 
1. Introduction 
1.1. Purpose 
The purpose of this study, which is the third phase of an ongoing assessment, was to 
evaluate the merits of using grid-connected distributed energy storage (DS) for high value 
utility applications. Specifically, DS was analyzed for two primary applications: 
1) energy buy-low-sell-high transactions (energy arbitrage, or arbitrage), and 
2) transmission and distribution upgrade deferral (T&D deferral). The analysis was 
performed assuming that a single DS plant could satisfy both applications. 
1.2. Background 
Phase I 
Phase I of this study involved broad characterizations of a wide range of innovative ways 
that storage could be used in the electric supply system of the future, including customer- 
sited storage.’ It addressed ways to expand the envelope of possible storage applications 
and suggested creative uses for storage. It also presented many possibilities for 
communicating the value and flexibility of storage. 
Nine “stretch scenarios” were developed that included use of storage in a restructured 
electricity industry. They represented innovative and potentially significant uses of 
electric energy storage, without regard to financial or institutional hurdles. 
The common themes determined from this assessment of these scenarios are as follows: 
storage is more likely to be installed at customer sites than coupled to central power 
plants. 
expanded use of storage is consistent with cleaner energy systems. 
packaging, ease of use, low initial cost, and high reliability (rather than efficiency and 
energy density) are the key technology factors in several major market opportunities. 
regulatory structures that allow more freedom to solve problems with innovative 
approaches would be more likely to lead to increased uses of storage. 
Based on their potential to significantly impact the overall energy marketplace, the five 
most compelling of the stretch scenarios were identified. From those scenarios, five 
specific “Storage Market Opportunities” (SMOs) were defined in broad terms. The 
primary outcome for this Phase of the project was to document an auditable process, 
which was used to select the most promising of the five SMOs for a more in-depth 
evaluation. 
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Phase II 
Phase I1 of this project was a detailed evaluation of the five most promising SMOs from 
Phase I. The authors concluded that a significantly valuable combination of benefits 
(energy, capacity, and power qualityheliability enhancement) was achievable if electric 
utilities used energy storage systems for high value T&D applications in regions with 
high power cost volatility. Based on a rough-cut economic and market evaluation, energy 
storage appeared to be very competitive for providing up to 24 GW/120 GWh during the 
years 200 1-20 10. Such storage would be worth $2 18kWh installed ($2001), for a total 
of $26 billion in gross economic benefits in the U.S.2 
1.3. Phase 111 Scope 
For this study (Phase 111), it was assumed that it is feasible to operate an energy storage 
plant simultaneously for two primary applications developed in the earlier phases of the 
study: 1) energy arbitrage, and 2) to reduce peak load on utility “hot spots” such that the 
utility can defer the need to upgrade T&D equipment. Possible secondary applications 
were considered and related storage system benefits are described in Appendix A - 
Secondary Benefits. It was determined that these secondary benefits, while large, were 
not compatible with the primary benefits and hence they were not included in the final 
economic evaluation. Therefore, for the study, storage was evaluated for the combined 
application involving arbitrage plus T&D deferral. 
The benefits from the arbitrage plus T&D deferral applications were estimated for five 
cases (Cases 1 a-d and Case 2) based on the specific requirements of two large utilities 
operating in the Eastern U.S. A number of parameters were estimated for the storage 
plant ratings required to serve the combined application: power output (capacity) and 
energy discharge duration (energy storage). In addition to estimating the various 
financial expenditures and the value of electricity that could be realized in the 
marketplace, technical characteristics required for grid-connected DS used for capacity 
deferral were also explored. 
Vendors’ perspectives were sought for this Phase I11 effort. The reason was to make sure 
the technical requirements for the combined applications were feasible and that the 
business assumptions were sound. 
Based on the vendor information and financial analysis, the market opportunity was 
clarified and included an evaluation of market challenges and market development needs. 
This can serve as the basis of a detailed plan for encouraging development of this market. 
1.4. Phase 111 Summary of Results 
Significant potential exists to deploy distributed energy storage such that the same plant 
can provide significant benefits associated with both energy buy-low-sell-high 
transactions (energy arbitrage) and utility T&D capacity upgrade deferral. Results from 
an analysis of the Pennsylvania, New Jersey, and Maryland (PJM) region in the central 
U. S. East Coast indicated that arbitrage benefits for ten years of operation are on the 
order of $300/kW. Single year T&D capacity upgrade deferrals are worth as much as 
$1 ,OOO/kW of storage installed. These benefits appear additive and even more benefits 
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can be earned by portable storage systems. Locations with suitable conditions for these 
applications may amount to tens of gigawatts. 
Section 2. Storage Benefits and Discharge Duration 
2.1. High Value Utility Applications for Distributed Storage 
This section describes the methodology used to estimate financial benefits from grid- 
connected, distributed energy storage plants for two primary applications: 1) energy 
arbitrage, and 2) transmission and distribution upgrade deferral (T&D deferral). 
Some possible supplemental benefits considered for this study are described in Appendix 
A. Note that the only benefits considered are those that can be directly monetized. Other 
possible less tangible benefits, such as enabling renewables or increased grid security 
were not considered. 
This section also describes how storage plant power output rating and discharge duration 
are determined. 
2.2. Storage Benefits Estimation Methodology 
The following sections describe the data and the methodology used to estimate the 
benefits (arbitrage and T&D deferral) associated with energy storage use. 
Energv Buv-Low-Sell-Hiah (Arbitraae) Benefit 
Arbitrage involves purchase of inexpensive electricity available during periods when 
demand for electricity is low to charge the storage plant, so that the low priced energy 
can be used or sold at a later time when the price for electricity is high. (Note, in this 
context “sales” are mostly or entirely to the utility’s end-users, though in more general 
terms sales could be made via a deregulated wholesale/commodity electricity 
marketplace .) 
To estimate the arbitrage benefit, a simple storage dispatch algorithm was used. It has 
the logic needed to determine when to charge and when to discharge storage to optimize 
the financial benefit. Specifically, it determines when to buy and when to sell electric 
energy based on price. 
Three data items were used in conjunction with the dispatch algorithm. They are: 
1. historical chronological price data for one year (8,760 hours) 
2. energy storage round trip efficiency 
3. the number of hours that storage can discharge at full output rating (storage 
duration) 
The simple dispatch model was used along with historic locational marginal prices 
(LMPs) for one year to estimate net benefits (where “net” means amount remaining after 
accounting for charging and energy storage losses). 
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For this study, the cases investigated involved utilities located within the PJM 
(Pennsylvania, New Jersey, Maryland) Interconnection, Limited Liability Company 
(LLC) region. From the PJM website: [PJM] “. . .operates the largest wholesale electric 
market in the world. Our foremost responsibility is the safe and reliable operation of the 
electric transmission system to assure the reliable supply of energy from generation 
resources to wholesale customers.” 
Most importantly for this study, PJM also coordinates the wholesale electricity 
marketplace (capacity and energy) in and around Pennsylvania, New Jersey, and 
Maryland. The LMP prices used for the study and for the examples shown below are 
those that apply at a specific “node” within the PJM area. 
It should be noted that the prices used are historical, not projections. For a more robust 
evaluation, price and volatility projections should be used. But, to the extent that 
historical prices are indicative of prices in the future, this approach gives the most 
reasonable estimate of current and future benefits. 
Rather than estimating arbitrage benefits for a specific storage technology (with a specific 
round trip efficiency and storage duration), calculations were made for a range of 
efficiencies, from 30% to 90%, and for storage durations ranging from one hour to ten 
hours. 
Energy Purchase and Sales Prices 
Figure 1 shows a sample of LMPs for nine days in August 2001, including the day when 
demand peaked (Tuesday August Sth) outlined in Case 1 .a. During that period, 
significant price volatility is clearly visible. 
1000 
900 , 
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400 
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300 
200 
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0 10 20 30 40 50 60 70 a0 90 100 
Hours within the specified time period 
Figure 1. PJM Energy Price (LMP) Fluctuation for the Period of August 8th 
through August 12th, 2001. 
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Figure 2 shows prices for the entire year of 200 1. Note that there are hundreds of hours 
when the price is above $lOO/MWh (10$/kWh). During off peak periods (when storage 
plants could be charged) the price is frequently at about $30/MWh (36kWh). 
200 
100 
0 
0 876 1,752 2,628 3,504 4,380 5,256 6,132 7,008 7,884 8,760 
Hour of the Year 
Figure 2. PJM Energy Price Fluctuation for 2001. 
Appendix B provides more details on the average energy buy-and-sell prices. 
Introduction to Estimating Annual Gross Benefits from Arbitrage 
As a simple demonstration of the annual arbitrage benefit, consider a storage plant with 
70% efficiency discharged for 1,000 hours per year during which the average price for 
on-peak energy is $lOO/MWh. Assume an average price for off-peak energy (for 
charging) of $30/MWh. 
The average gross benefit from one hour of storage discharged on-peak is 
$57.1/MWh of “net benefit” (5.7$/kWh). If 1,000 such “buy-low-sell-high” transactions 
are possible in one year, the total net benefit for arbitrage is $47.l/kW for one year. 
Algorithm for Estimating Annual Benefits from Arbitrage 
The estimate above of annual arbitrage benefits using an average benefit per transaction 
works fine as an illustration. However for a more accurate estimate, for a given 
circumstance, a more rigorous approach involving a storage dispatch algorithm is 
required. 
The dispatch algorithm used for this study evaluates a time series of prices to find all 
possible “transactions” that yield a net benefit. It keeps track of net benefits from all 
such transactions for the entire year to estimate annual arbitrage benefits. 
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The arbitrage algorithm is described in detail in Appendix C. One key point regarding 
the algorithm used is worth noting: the approach used for this study yields results 
reflecting “perfect knowledge.” That is, at any given hour in the year, the algorithm 
“knows” what prices will be at any other hour of the year. 
In reality, of course, the price at a later time is not known. In a real situation the dispatch 
algorithm would have to include logic needed to forecast prices at a later time. Such 
logic is used to forecast electric supply and demand based on such criteria as historical 
loads, weather conditions, whether a given day is a holiday, weekday or weekend day, 
and the mix of loads being served. 
Figure 3 below shows the incremental and cumulative annual gross arbitrage benefit for 
Case 2, (PJM prices 2001) for storage plants with storage duration ranges from one to ten 
hours. The bars indicate annual gross arbitrage benefits for storage plants that are 70% 
efficient. 
120 
100 
80 
0 
1 2 3 4 5 6 7 8 9 10 
Stomgo Dischaga Duration (Houn) 
Figure 3. Energy Arbitrage: Gross Annual Benefits, 70% Storage Efficiency. 
As hours of storage discharge duration are added to a storage plant, the total benefit 
increases and then begins to level off. That reflects diminishing benefits per buy-low- 
sell-high transaction (i.e., the average price differential diminishes as more and more 
transactions occur during the year.) 
Annual Net Benefh from Arbitrage 
The results above do not account for variable costs associated with energy storage. To do 
so, the dispatch algorithm must include the variable cost in the logic used to decide when 
or if to charge the battery. For this study the variable cost per kwh of energy discharged 
from the battery is assumed to be worth l#/kwh. 
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Consider the example described above: 70% efficient storage, 1,000 hours per year with 
an on-peak energy price of $lOO/MWh, and average off-peak energy price of $3O/MWh. 
The average benefit h m  one hour of storage discharged on-peak is: 
$100/MWh - ($30/MWh + 0.7) 
=$100/MWh-$42.9/MWh 
= $57.1/MWh (5.7$/kWh) 
When adding consideration of the variable cost, the 
buy-low-sell-high transaction is: 
benefit fiom one a v w e  
$lOO/MWh - ($30/MWh + 0.7) - $lO/MWh 
= $lOO/MWh - $42.9/MWh - $lOMWh 
= $47.1/MWh (4.7$kWh) 
The mtud incremental and total net benefits fiom arbitrage fiom a 70% efficient storage 
plant-after accounting for variable maintenance of 1 $kWh, are shown in Figure 4 
below. Energy prices used were those for PJM for the Case 2 locations in 2001. 
Note that for a 70% efficient storage plant with three hours of storage, the total annual 
arbitrage benefit is about $42/kW of storage plant capacity. 
1 2 3 4 5 6 7 8 9 10 
-mJeDhrchrge-(HOud 
Figure 4. Energy Arbitrage: Net Annual Benefits for 70% Storage Ef6ciency. 
Figure 5 below provides a summary of total annual net benefit fiom arbitrage 
transactions, for PJM LMPs for Case 2 in 2001, for plants with storage durations rangin% 
fiom one hour to ten hours, and for storage plants with efficiencies of 3O%, 50%, 70% 
and 90%. 
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As expected, as storage efficiency increases, annual arbitrage benefits increase. But 
notably, the difference between 70% and 90% is not large. Even 30% efficient storage 
yields substantial arbitrage benefits. 
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Figure 5. Energy Arbitrage: Net Annual Benefits for Various DS Efficiencies. 
Lifecycle Benefits from Arbitrage 
The values calculated above are for one year of arbitrage benefits. For this study the 
storage plant is assumed to have a useful life of ten years. To calculate net present value 
(NF’V) of storage, an electricity price escalation rate of 2.5% (nominal) was assumed and 
a discount rate of 8% (nominal) was used. 
Figure 6 below was used to estimate the NPV for ten years. To use that figure, first find 
the relevant number of years (storage life) on the horizontal axis, in this case, ten. Next 
find the point on the plot for the relevant discount rate (8% in this example) that is 
directly above the year. The intersection of that point (on the plot) with the horizontal 
axis, is the ‘ W V  factor.” Multiplying the one-year energy storage arbitrage benefit by 
that factor yields the life-cycle NPV of that one-year value for the given number of years 
(ten years in this example). 
As shown in Figure 6, for an electricity price escalation rate of 2.5% (nominal) and a 
discount rate of 8% (nominal), the resulting NPV factor is 7.8. 
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Figure 6. Net Present Value Factors (assuming a 2.5% price escalation rate). 
Consider the example above: as shown in Figure 5, a oneyear arbitrage benefit of 
%42/kW (in year one) accrues for a 70% efficient storage plant with three hours of 
storage. Multiplying $42kW times 7.8, yields a net present value of S327kW for a 
storage plant operating for ten years. Figure 7 shows life-cycle arbitrage net benefits for 
ten years, for 30%, 50%, 70%, and 90% efficient storage with discharge duration Varying 
kom one to ten hours. 
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Figure 7. Energy Arbitrage: Net Life-Cycle B n e W  for Various E- . .  
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Transmission and Distribution Uparade Deferral Benefit 
Upgrade Deferral Benefit 
Transmission and distribution (T&D) upgrade deferral benefits (deferral benefits) are the 
financial value associated with deferring a utility T&D upgrade for one year. For this 
study, it is also the financial benefit from storage if the storage is used so that a 
distribution upgrade is actually deferred. 
The deferral benefit, for one year, is calculated by multiplying the utility cost of money 
(or cost-of-capital) times the total installed cost for the upgrade. Consider as an example 
a T&D upgrade that costs $1M. If cost-of-capital is 8%, then the one-year deferral 
benefit is .08 * $lM or $80K. 
In other words, if a storage plant can be used such that the $lM project can be delayed 
for one year, the storage plant yields $80K in avoided cost. For this study, the benefit 
associated with use of energy storage to defer the upgrade (for one year) is assumed to be 
equal to that avoided cost. In practice, the entity whose investment is being deferred may 
or may not reward the owner of a storage plant, in part or in whole. 
In general terms, locations for which distributed resources (DRs), including distributed 
energy storage, are best suited are those characterized by: 
slow load growth 
“peaky” maximum load days (i.e., peak load occurs only during a few hours 
in a day) 
T and/or D upgrades required are “lumpy” (i.e., for one or a few years a small 
amount of storage can defer a relatively large investment, for example, storage 
“modularity leveraging”) 
high transmission access charges (that can be avoided with DRs) 
need for improved local power quality (PQ) that a DR can satisfl, hopefully with 
some specific, quantifiable monetary benefit 
Storage Power Output Requirements 
To defer an upgrade for one year it is assumed that the energy storage plant power output 
is equal to the expected load growth. Of course that assumption is ideal in this sense: this 
approach does not account for uncertainty, primarily: a) load may grow more than 
expected, or b) the storage may fail on peak demand days. 
Consider the example above. Assume that the circuit is rated at 10 MW, and that 
engineers expect it to be fully loaded in one year. Load growth on the circuit is about 2% 
per year. Load growth is 10 MW * .02 = 200 kW. 
So, a storage plant would have to deliver at least 200 kW to meet load growth so that the 
utility can defer the upgrade for one year. 
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Storage Duration for Deferral Benefits 
This section is a brief description of the process used to estimate the storage discharge 
duration required for T&D deferral. Discharge duration is the amount of time that the 
storage plant must be able to discharge at full power. 
Measured hourly demand data for respective cases is used to make the estimate. The 
hourly load profile for the day with the highest measured demand is isolated from the 
load data. 
The maximum load on that day is treated as if it is the maximum rated capacity of the 
distribution system node being evaluated (demand ceiling). When load growth (for one 
year) is added to that day’s load, by definition, the top of the modified load profile 
exceeds the demand ceiling. This is illustrated in the example in Figure 8. 
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Figure 8. Storage Sizing to Meet Peak Demand: Power Requirements. 
The number of hours during which load exceeds the demand ceiling is the storage 
duration. Even if the load ceiling is exceeded by just a small margin during a specific 
hour of the day, an entire hour of “hll  load” discharge is assumed to be required for the 
storage plant. This is intended to reflect conservative engineering design. 
In the example in Figure 8, 3% load growth is added to the “year 0” demand profile. The 
result is that load in “year 1” exceeds the demand ceiling for two hours. That time period 
is assumed to be the storage duration required for this example. (See Appendix D for 
details). 
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It should be noted that this criterion is the minimum discharge duration needed to serve 
the T&D deferral application. It is possible that additional storage is warranted based on 
the incremental cost of the storage and the incremental benefit from additional energy 
arbitrage transactions. That circumstance was not evaluated. 
Financial Benefit from Deferral using Storage 
Continuing with the example above, the benefit for deferring the $1M upgrade for one 
year is $80K. A 200-kW storage plant with a discharge duration of three hours is needed. 
The storage deferral benefit is $80W200 kW = $400/kW (that is, per kW of distributed 
storage installed). 
Multi-Year Deferrals 
It is important to note that for this study, storage capacity added in a specific year is 
credited with the deferral in that year &. If storage is used to defer an upgrade in 
subsequent years, the same evaluation described above (estimating the single year storage 
deferral benefit, storage capacity requirements, and storage discharge duration) is 
undertaken “on the margin” to determine whether the next year of deferral is cost- 
effective. Also note that if storage is used to defer a specific upgrade for more than one 
year, that storage capacity added in previous years must remain in place. That is, storage 
capacity used for deferral in subsequent years is added to the existing storage capacitv, 
with additions sized to keep pace with load growth. 
It is safe to assume that in almost all cases, at some point in time the upgrade will take 
place. If so, the storage can remain in place (for arbitrage) or it could be moved to 
another location for additional capacity benefits (plus arbitrage), as described in the next 
section. 
Storage Redeployment and Portability 
One way that a given storage plant could provide multiple years of distribution capacity 
upgrade deferral benefits involves moving the storage fiom one T&D hot spot to another. 
This, of course, requires that the battery system can be disconnected, moved, and 
reconnected, with modest effort and cost. 
Even if this is done just once in the ten-year life of the storage plant, the impact on the 
cost effectiveness of storage can be dramatic. In the example above, storage provides a 
one-year deferral benefit of $400/kW of storage. So storage used for two similar 
situations, in different years, could provide benefits of $400/kW in year one and another 
$400/kW in the following year. Of course the benefits accruing in future years must be 
discounted to adjust for the time value of money before being summed. Though less 
likely, storage could also be used to address different winter and summer hot spots in the 
same year. 
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Calculating the Total Benefit 
The arbitrage benefit and the T&D capacity deferral benefit are added to estimate the 
total life-cycle (discounted) benefits for storage use. 
Arbitrage Benefit 
The net annual and net life-cycle arbitrage benefits are shown in Figure 5 and Figure 7, 
respectively. From Figure 7, for a 70% efficient storage plant with a discharge duration 
of three hours, the life-cycle net arbitrage benefit is about $328/kW of storage over ten 
years of operation. For a 90% efficient storage plant the value is about $380/kW. 
T&D Deferral Benefit 
The cases investigated included using storage to defer T&D projects involving: 
1) upgrading a circuit and adding transformers, 2) adding capacitors for reactive power, 
3) upgrading transmission lines to an island, and 4) a generic hot spot characterization. 
The range of one-year deferral benefits estimated for the two participating utilities was 
between $75/kW and $900/kW of storage. See Appendix E for more details. 
Total Benefits 
Figure 9 and Figure 10 show the range of net life-cycle benefits for storage plants with 
efficiencies of 70% and 90%, respectively. A range of single-year deferral benefits 
($75/kW, $400/kW, and $900/kW of storage corresponding to low, medium, and high) is 
shown as line plots. Those plots represent additions to the life-cycle arbitrage benefits 
shown as bars. Total benefits, for a given deferral benefit plus an arbitrage benefit for a 
storage plant with a specific discharge duration, is found on the Y axis. 
From Figure 9 for a 70% efficienthhree-hour storage plant, the life-cycle arbitrage 
benefits are $328/kW. If the T&D deferral value is $400/kW, the total life-cycle benefit 
is $723/kW for a 70% efficient storage plant. For a storage plant whose efficiency is 
90% the total life-cycle benefit is about $770/kW of storage if used at a typical site, and 
about $1,2OO/kW of storage if used at a very valuable site. 
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Figure 10. Total Net Benefit, 90% Efficient Storage Operated for Ten Years. 
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2.3. Storage Sizing 
Power Output 
In simplest terms, in any specific location for any given year, the storage plant power 
rating is based on the amount of load that would exceed the utility capacity if utility 
capacity is not increased. Based on the five cases evaluated for this study, the typical 
power output rating of storage that would be used for T&D deferral ranges from a low of 
about 200 kW to a maximum of 2 MW. Of course, that criterion will be driven by the 
location-specific circumstances being addressed with storage. 
A few notes are important to consider. First, the small sample size does not provide a 
basis for establishing the actual range of storage plant sizes required for one-year T&D 
deferral. Specifically, plants with a rating that is less than 200 kW or larger than 2 MW 
may be required in any given situation. Conversely, the authors concluded that storage 
modules of about 200 kW seem to be indicated, based on the small sample considered. 
Discharae Duration 
The evaluation undertaken to establish the required storage plant discharge duration is 
described briefly in Section 2.2., above. More detailed evaluations are shown in 
Appendix D. Based on the load profiles used for the evaluation, storage typically must 
be able to provide for two to five hours of full load equivalent discharge to serve peak 
loads (Le., for T&D applications). 
However, it may be that the incremental arbitrage benefit from increased storage duration 
(beyond that needed for T&D deferral) exceeds the incremental cost. If so, vendors could 
choose to add to a plant’s discharge duration to optimize total benefits. Using results 
shown in Figure 5, vendors can make innovative tradeoffs between cost, efficiency, and 
storage duration to maximize benefits. 
2.4. Compatibility of Arbitrage and T&D Deferral Applications 
For this study it was assumed that, in many cases, the same energy storage plant could 
indeed be used for both energy arbitrage and T&D upgrade deferral applications. That is, 
operation of storage for both of the primary benefits is compatible technically and 
operationally. The merits of that assumption were tested in two ways. First, a storage 
plants’ technical characteristics needed for both applications were reconciled, as shown in 
Appendix F. 
Next, possible financial effects associated with dispatch conflicts - between arbitrage and 
deferral applications -were evaluated. To do that, a “worst case” scenario was defined: 
assume that in order to meet local peak demand (to enable the deferral), the storage plant 
will not be available for arbitrage transactions during the ten hours of the year when the 
hourly arbitrage benefit will be highest (i.e., all benefits from operation for arbitrage 
during the ten most “profitable” hours in the year is subtracted from total arbitrage 
benefits estimated.) 
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Based on that exercise, the authors concluded that there is only a modest effect on total 
arbitrage benefits even if the storage plant is not allowed to discharge during all ten of the 
most valuable (energy price) hours of the year. 
Section 3. Technical Product Requirements for Benefits 
The two most important storage plant characteristics, power rating and discharge 
duration, were addressed in Section 2. Other key technical characteristics of DS are 
addressed in this section. 
3.1. Approach Overview 
A key step in the evaluation process for this study was a characterization of the technical 
requirements for energy storage. Requirements are those needed if storage is to be used 
for the individual applications under consideration. The primary applications, described 
in Section 2, include: 
1. Energy price arbitrage (makehuy-low-sell-high) 
2. Transmission capacity 
3. Distribution capacity 
The secondary applications considered include: 
1. Ancillary services (nine types were considered) 
2. Local power quality 
3. Local electric service reliability 
The first step in the process was to establish technical requirements for all potentially 
compatible individual storage applications listed above. Applications and application- 
specific technical attributes (required) are listed in a detailed matrix shown in 
Appendix F. Next, secondary applications with technical requirements that are not 
compatible with the three primary applications (listed above) were eliminated from 
further consideration. Finally, a “specification” was developed based on attributes for the 
primary applications, i.e., the specification is for a storage plant that can be used to serve 
the primary applications. 
The specification was used during subsequent discussions with energy storage vendors as 
described in Section 4. Discussions involved the potential for vendors to provide systems 
with: 1) the technical attributes needed, and 2) a price that is comparable to or lower than 
the benefits estimated for DS used for arbitrage and T&D deferral. 
3.2. Compatibility of Individual Applications 
After considering the possible combinations of applications (that could be served by the 
same DS plant), the authors concluded that the three primary applications are compatible. 
Specifically, energy storage used to reduce localized peak demand for distribution and/or 
transmission capacity to defer a T&D investment can also be used for energy price 
arbitrage. 
For this study, the authors concluded that what are generically referred to as “ancillary 
services” (described in detail in Appendix G) can generally not be used with these three 
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primary applications. This is due in part to some technical incompatibilities, although the 
technical requirements for energy storage used for energy arbitrage or in lieu of T&D 
capacity are fairly similar to the requirements for most ancillary services. But most 
importantly, ancillary services applications cannot be served by a given storage plant at 
the same time that the storage is being used for the primary applications. 
Operationally it would be difficult to provide both T&D “capacity” and ancillary services 
simultaneously. Since each ancillary service may be provided under strict contractual 
terms, failure to provide both T&D capacity and the respective ancillary service 
simultaneously is likely to make such contracts incompatible. Though spinning reserve is 
compatible technically with buy-low-sell-high and T&D deferral applications, storage 
cannot provide spinning reserve at the same time that it provides T&D capacity or energy 
arbitrage. 
The remaining secondary applications - improved local power quality (PQ) and 
reliability - are circumstance-specific. Related financial benefits cannot be generalized 
easily and the operational compatibility of storage used for PQ and reliability applications 
has not been demonstrated. 
Nonetheless, the benefits can be high, and in some cases, they may be additive with the 
benefits associated with the primary applications. For example, storage used primarily to 
defer a T&D upgrade could be located at the facility of a utility customer that requires 
especially high service reliability and/or power quality. 
Please see Appendix A for the details about the evaluation of compatibility of the primary 
and secondary applications, and Appendix G for details about Ancillary Services. 
Summary 
It appears to be practical to use the same storage plant to provide T&D capacity deferral 
and for energy arbitrage transactions. It does not appear to be practical to also provide 
any of the ancillary services because they are likely to be required during the same times 
as T&D capacity deferral is needed and when energy sales are most profitable. 
3.3. Storage Plant Specifications 
Attributes included in Table 1 below are those affecting the technical viabilitv of storage 
for targeted applications. Other attributes, such as system voltage and ramp rate (shown 
in section 3.4), include some that are typically specified for utility-grade storage. 
However, we believe that these other attributes either: a) do not affect cost or benefits, or 
b) are unimportant for storage used for the primary applications. 
Some other important storage plant attributes are addressed as part of the costhenefit 
assessment and are not part of the technical attributes. These include storage plant 
discharge duration, round-trip efficiency, and operation and maintenance costs. 
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Technical Requirements for T&D Deferral Drive the Plant 
Specifications 
The authors concluded that storage devices which can perform well enough to satisfy 
technical requirements for utility transmission and distribution deferral could easily serve 
the arbitrage application. That is, the T&D deferral application has the more demanding 
technical requirements. So, the attributes shown in Table 1 - for distribution deferral - 
define the specification for the combined applications (arbitrage plus T&D deferral). 
Table 1. Storage Plant Technical Requirements for Combined Applications 
Technical Attributes 
Discharge Duration 
Discharge duration is the number of storage discharge hours required. It is included in 
the table for completeness. For a discussion of estimating this storage system attribute, 
see Section 2. 
Reliability 
Scheduled Outage Rate 
This is the portion of the year (%) during which the storage plant may be taken out 
of service for routine/expected maintenance without significant loss of benefits. 
Unscheduled Outage Rate 
This represents the portion of the year (%) during which the storage plant may be out 
of service due to unexpected downtime. 
Performance Guarantee (importance) 
This criterion is an indication of the degree to which a performance guarantee is 
important if a storage device will be used for the respective application. In short, if a 
distribution and/or transmission engineer is to feel comfortable enough to specify 
storage in lieu of wires and transformers, he/she must be assured that the storage 
plant will perform when needed. 
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Power Quality 
Voltage SurgelSag Ride-through 
This attribute involves the ability of the storage plant to ride-through voltage 
fluctuations of short duration (i.e., several seconds). It is specified in units of % of 
nominal. 
Frequency Stability (+/- cycleslsecond) 
Frequency stability indicates the variation of the output frequency from the storage 
plant. 
Minimum Power Factor 
Any device that provides application-specific service should maintain a power factor 
above this level during discharge and when charging. 
Controllable Power Factor Range (max lagllead) 
For some applications, the storage plant could be called upon to provide reactive 
power (volts amp reactive-VAR). To do this, the storage plant must be able to 
adjust the degree to which current lags or leads the voltage. 
Harmonics: Total Harmonic Distortion (THD) 
Current harmonics that emanate from any device that interacts with the power grid 
are not desirable. This attribute is a quantitative characterization of the amount of 
total harmonic distortion that is permissible from the storage device. This topic is a 
subject of the Institute of Electrical and Electronic Engineer’s (IEEE’s) Standard 5 19 
addressing Standard Practices and Requirements for Harmonic Control in Electrical 
Power Systems (http://rrrou~er.ieee,or~‘jproups!5 194. 
Flexible Communications and Control 
The Flexible Communications and Control criteria were included on the original list of 
attributes considered. But, the authors’ later concluded that there are no novel or exotic 
control or communications requirements, although these criteria are rated as highly 
important. 
Form Factor 
Floor Space 
This criterion is the degree to which the storage plant’s footprint is important for the 
primary applications. 
Portability 
This criterion is the degree to which it is important that storage equipment can be 
moved readily for the primary applications. 
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Modularity 
This attribute relates to how practical it is to add power output (kW) or energy 
storage capacity (kwh) to a storage system. For this attribute, importance is 
specified. 
3.4. Some Attributes Not Included in the Specification 
Voltage 
Storage plant output voltage was not considered to be an important criterion in this 
context because it is a criterion that is relatively easy to address for likely utility voltages. 
Ramp Rate 
This criterion is unimportant for arbitrage. For capacity applications including T&D 
deferral, it may be important. However, given the nature of the applications evaluated, 
the storage plant is treated as if it discharges at its full output rate during the hours when 
T&D capacity is needed (for deferral). So, ramp rate is not a criterion that is relevant. 
Charge Rate 
This criterion would be important for storage applications requiring long diurnal 
discharge durations. But, for the arbitrage/T&D deferral application, this criterion is not 
important because diurnal discharge durations tend to be around three to five hours. So, 
unless the plant has a very slow charge rate, it always has enough time to recharge 
between discharge events. 
Start-up Delay 
The authors concluded that there would be enough of an indication ahead of time (before 
the storage plant’s capacity is needed-many minutes or even tens of minutes) for any 
storage technology to get up to rated output quickly. Therefore, the startup time is not a 
criterion that was included in the required attributes. 
3.5. Storage Depth of Discharge for Benefits 
Upon request, vendors were provided with information about the frequencies and 
durations for various depths-of-discharge levels, if needed, to assess the viability of their 
product. The useful life and the maintenance costs for some storage technologies are 
affected by these criteria. 
That information is provided, graphically in Appendix H. It is provided for consideration 
by storage technology developers whose storage technologies are affected by depth of 
discharge. Those developers are encouraged to examine this information (in Appendix 
H) to determine whether charge/discharge patterns associated with energy arbitrage may 
affect storage system life. 
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Section 4. Vendors’ Perspective on High Value Added 
Applications of Storage 
4.1. Approach 
Vendor participation and input was an important aspect of this project. Vendors were 
asked to validate the economic benefits, to affirm technical requirements and attributes, 
and to provide a check and balance as to the prospects for arbitrage and T&D deferral as 
a new opportunity. A description of the approach used and the vendor input received is 
provided in this section. 
Participatinn Vendors 
The participating vendors were selected based on the appropriateness of their technology 
for the storage applications under consideration and upon their willingness to participate. 
For example, technology vendors who were pursuing short duration, high power 
applications, often referred to as “power quality” applications, were not approached 
because this was inconsistent with the requirements of the high value-added combination 
application addressed by this study. 
In addition to meeting the vendor selection requirements mentioned above, it was decided 
that a large conglomerate with significant manufacturing and market experience in 
supplying utilities with T&D equipment should be engaged. Further, such a company 
should be engaged whether or not that company was currently in the storage market so 
long as there was interest on the conglomerate’s part. The decision to include this type of 
vendor is predicated upon the belief that for the identified markets to succeed on a large 
scale, there would have to be an evolution away from the past approach used to supply 
storage systems. 
Storage facility development in the past has been characterized by a “project” approach 
involving considerable engineering, construction, and separate suppliers of large and key 
system elements. The high value applications identified in this study lend themselves to 
a much more “product” oriented approach, where the amount of engineering, for a given 
site, may be substantially reduced by building in a strategic amount of product flexibility. 
In this way, a given product can address a large number of multiple sites. This approach 
necessitates the integration and manufacture of the key elements into a product 
“platform” as well as significant up-front engineering. Large conglomerates are viewed 
as likely candidates to fill this need, should it materialize. 
In all, four vendors were engaged and provided a significant amount of feedback. These 
vendors were: ZBB Energy Inc., Innogy PLC, Magtube Inc., and GE Power Systems 
Group. Other vendors who were engaged to a lesser degree were the Boeing Flywheel 
group, SAFT America, and C&D Technologies. 
Attributes Matrix 
As shown in Appendix F, the broadest range of possible “high value” applications for 
distributed energy storage was considered for this study. For each application, technical 
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requirements were specified. Eventually it was determined that the arbitrage and T&D 
deferral applications were compatible and that the combination of possible applications 
provided the highest overall benefit from distributed energy storage. Ultimately the 
technical requirements for distribution deferral were determined to be the most rigorous 
(relative to those for arbitrage) and thus they were specified as the technical requirements 
for storage plants used for arbitrage and T&D deferral. 
It should be noted that these technical requirements do not comprise an actual 
specification. They may be different for any specific circumstance. They were intended 
to be representative. They also contain criteria that vendors could use to determine, in 
general terms, whether they can provide storage with characteristics and costs needed to 
serve the arbitrage plus T&D deferral application. 
Attributes were broken down into six broad areas including: reliability, response time, 
power quality, remote communication and control, form factor, and application ratings 
(such as number of cycles). Within each of the six categories, more detailed attributes 
were defined. The attributes matrix (shown in Table 1) together with a detailed 
explanation is provided in Section 3 of this report and a detailed matrix is shown in 
Appendix F. 
Vendor Visits, Market Vision, and Questionnaire 
There were two meetings per participating vendor. The first meeting was used to provide 
preparation and discussion for possible cooperation and to describe the study’s general 
approach and background. 
Following this first meeting, a document describing the detailed economic benefits of 
arbitrage and T&D deferral was provided. The information was a summary of Section 2 
in this report. Included in the circulated document was a straw-person market vision and 
questionnaire. (Appendix I contains the questionnaire). 
The vendors were asked to provide input on the market vision and to respond to the 
questionnaire in some detail. The questionnaire covered a broad range of topics 
including views, perspectives, and relevance of work to vendor activities. The 
questionnaire also focused on the vendor’s perspective as to existing barriers in the 
developing market, as well as a look to the future to determine what is needed to break 
down these barriers. 
4.2. Vendors’ Responses 
Through the meetings and using the tools discussed above, vendors supplied significant 
input on all aspects of the storage market study. As would be expected, there were 
differences in the input that often related to a particular vendor’s technology or market 
vision. There were a number of universal reactions to the study, which are highlighted 
here. 
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Economic Analysis and Market Definition 
Three of the four vendors interviewed reported that they have considered arbitrage and 
transmission distribution deferral as potential markets for their products. However, 
because of a dearth of data and necessary skills, they have been unable to clearly identify 
the economics and therefore, the value proposition, for these applications. 
Crystalizing and validating the value proposition was cited as an important benefit of this 
study. Also, there has not previously been a good understanding of the compatibility of 
the two applications. 
An c i 1 la ry Benefits 
In general, there was resistance to accept the author’s assertion of not accruing the 
secondary and ancillary benefits beyond arbitrage and T&D deferral. This assertion was 
used in the study after careful consideration of all possible ancillary benefits and how 
these benefits would impact the primary applications of arbitrage and T&D deferral. It 
was determined that DS system operation to serve these applications would conflict 
chronologically or contractually. For this and additional reasons cited in this report, 
ancillary services were determined to be incompatible (Appendix G provides details). 
The desire to include benefits associated with these secondary applications are 
understandable as they add value to the storage proposition. And it is acknowledged that 
certain sites exist which would allow for the capture of the primary and some secondary 
benefits (especially local power quality and reliability improvements.) This is viewed as 
the exceptional case, however, and not the rule. 
Eff iciencv 
The relatively limited importance of storage efficiency for the combined applications was 
viewed with surprise by most vendors. Technology manufacturers have spent a good 
deal of capital, time and effort in trying to optimize efficiency of their storage systems 
only to find that efficiency does not significantly impact economic value. This 
insensitivity is clearly evident in the economic analysis of this report. Vendors are quick 
to point out, however, that efficiency is highly important in other applications such as the 
inclusion of storage with renewable energy sources, vehicle applications, and others. For 
these applications, efficiency improvement efforts do have merit. 
Efficiency insensitivity does however, allow the vendor to look at their technology in a 
new light and to re-evaluate the efficiency/capital cost trade-off. This trade-off goes 
beyond the storage device and includes any components that are in series with the storage 
device. This includes balance of system items such as conductors, inverters, or 
transformers. There is a very definite relationship between initial capital cost and 
efficiency. This revelation caused the vendors to go back to their suppliers and extend 
this tradeoff into their supply chain. 
Technical and Cost Feasibility 
Each of the vendors agreed that their technology was capable of meeting the technical 
requirements needed for the arbitrage plus T&D deferral application. This was not a big 
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surprise given that arbitrage and T&D deferral applications are not particularly 
demanding in terms of response time, form factor, or other technical requirements. 
Furthermore, all of the vendors indicated that they were capable of achieving the cost 
targets today as indicated by the benefits estimated for the combined arbitrage plus T&D 
deferral (Le., they can produce systems with a price that is commensurate with the 
highest level of benefits estimated for this study). 
This should not be surprising again since at the high deferral range, the “indifference” 
(economic concept that describes a customer’s response to options) costs are quite high. 
All vendors felt they had realistic plans in place that would allow them to meet even the 
most aggressive (lowest value) indifference points over the course of the next few years. 
The basis for these cost reductions are both technical- and process-related. 
4.3. Summary of Vendor Surveys 
The participating vendors concluded that the combined applications of energy arbitrage 
plus T&D deferral provide significant economic value. The technical and price 
requirements for storage systems that can serve the combined applications are within 
reach today. Furthermore, storage technology continues to improve with technical and 
process improvements. Vendors were not willing to give up on ancillary benefits and 
thought that in many cases these could be captured over and above the primary 
applications. The role of storage device efficiency has been clearly identified for these 
primary applications and the study’s results have pointed the vendors in the direction of 
re-evaluating their efficiency/capital cost trade-offs. 
The bottom-line barriers to the development of this marketplace are seen as two-fold. 
One is the gap in the riskheward structure between the vendors and the utilities that could 
use storage and the other is the utility industry’s unfamiliarity with storage as a solution 
to generation and distribution shortfalls. 
To address the riskheward structure gap, it is believed that there will need to be certain 
warranties and guarantees in place before utilities will widely adopt the use of storage for 
T&D deferral. This is viewed as a difficult chasm in large part because of the 
unfamiliarity with the technology and application, and a lack of product reliability data at 
this early date. Neither party, storage vendor nor utility, is likely to take on sole risk in 
these applications early in market development, and it is expected that writing contracts 
acceptable to both parties will be challenging. This market challenge is seen as 
temporary, however, as familiarity with successful projects grows and the collection of 
field data grows, the uncertainty with applying storage technology should diminish. To 
address these immediate barriers, many of the suggestions for future work revolve around 
creating familiarity with storage devices through demonstration projects. 
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Section 5. Storage Market Vision 
5.1. The Market Opportunity 
Distributed Utility Associates has suggested an innovative market vision for distributed 
energy storage that combines two separate but compatible applications: 1) energy 
arbitrage, and 2) T&D capacity upgrade deferral. 
The benefit stream from arbitrage is assumed to last for ten years (assumption is based on 
a ten-year life for the storage plant). Arbitrage benefits are available at any location 
connected to the grid that can gain access to the greater electricity marketplace. The 
magnitude of the arbitrage benefit is highest in areas with volatile electricity prices. 
Transmission and distribution deferrals are area-specific. Deferrals occur only within 
utility transmission or distribution networks that are nearly overloaded. Furthermore, for 
this study the financial benefits associated with T&D deferral were assumed to accrue for 
just one year. Based on an evaluation undertaken for this study, the authors concluded 
that the two applications largely do not interfere with each other operationally. So, the 
same distributed storage system could be dispatched to earn benefits from both 
applications. 
While other simultaneous benefit streams are possible, the combination of arbitrage and 
T&D deferral applications is predicted to provide a benefit of $500 to $l,OOO/kW for 
storage systems in the 250-kW to 1,000-kW size ranges, with discharge durations ranging 
from three to five hours. This assumes reasonable values of storage device efficiency, 
operation and maintenance costs, and historically-based electricity price levels and 
volatility. Several storage technology developers have suggested that they are now able, 
or soon will be able, to offer storage systems with a price that is at or near these levels. 
The authors did not address the many possible follow-on uses for a storage plant after it 
has been used for one year of T&D deferral. There are many possibilities such as leaving 
it in place for continued arbitrage, moving it to a location with power quality problems, 
using it in subsequent years at other locations to defer other T&D projects, using it for 
ancillary services like spinning reserve3, etc. (Please see Appendix A for details on these 
“secondary benefits.”) 
5.2. Market Potential (GW, GWh) 
The storage system value was based on analyzing wholesale electricity prices and 
consumption patterns in the PJM area. Total peak load within the PJM territory is about 
60 GW. This region was selected for analysis for three reasons: 
0 
0 
0 Interested utilities 
High electricity prices with high price volatility 
Publicly available electricity price data 
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If this region is indicative of another 20% of the remaining peak load in the U.S. (total of 
700 GW4), then an additional 140 GW of market might be in play, totaling 200 GW. 
Since the applications are meant in large part to defer load-growth-induced T&D 
investments, and since price volatility reduction is subject to saturation by too much 
storage installation, the market potential could conservatively be further reduced to just 
the load growth in the PJM region and the assumed 20% of the rest of the U.S., which is 
approximately 2% per year of 200 GW, or 4 GW per year. 
The authors assumed a four-hour storage plant discharge duration that yields a 
16-GWh market potential. For reference, approximately 20 GW of storage is already in 
place in the U.S. system (mostly in the form of pumped hydro) and total U.S. load growth 
is about 20 GW per year. Assuming a typical discharge duration of four hours, storage 
systems costing $l,OOO/kW (for power and energy components), the 4 GWA6 GWh of 
market potential per year represents a prospective annual revenue stream of $4B per year 
for the storage industry. 
5.3. The Product 
Product Characteristics 
Since the arbitrage application is fairly independent of system scale, storage power and 
energy ratings would depend more on the characteristics of the transmission and/or 
distribution capacity to be deferred. Products that are modular (Le., allow capacity 
additions as needed and are transportable) will have an advantage. Module sizes should 
be in the range of 100 kW to 1 MW, with two to five hours of discharge duration. 
Reliability of the storage systems would be assured by the supplier/installer and a 
performance guarantee/warranty offered. 
Excepting demonstration plants, storage systems used for the combined application must 
be turnkey, perhaps even “plug and play.’’ This includes compliance with all relevant 
standards such as IEEE P1547 (electrical interconnection with the grid) and IEEE 555 
(harmonics). 
A ten-year life is used as an underlying assumption for the arbitrage benefits calculated 
herein. This is somewhat arbitrary. In reality, a costhenefit tradeoff would be made 
between the incremental cost to make the storage plant last longer versus the incremental 
benefit from the extra years of arbitrage benefits. 
Portability may be important to the overall value proposition for distributed storage. If a 
storage plant is both “plug and play” and portable, there is significant potential to use it 
more than once for capacity deferrals in different locations. It also allows use of the 
storage for other applications (e.g., reliability and power quality) at the original site or 
other locations. 
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The authors contend that portability can add several hundreds of dollars per kW to a 
system’s value over an assumed ten-year life if the storage plant is used in more than one 
location. Consider the hypothetical example shown in Table 2. 
Table 2. Illustration of Transportability Benefits 
Storage Plant Capacity (kW) 210 
Interest Rate 7.9% 
Discount Rate 10.0% 
Year # 
Load Growth Rate 
Base Capacity (MW) 
Project Cost ($Million $Current) 
One Year Deferral Value 
$Current 
$ PW 
Load Growth (kW) 
Storage Deferral Value 
$/kW-yr, $Current 
$IkW-yr, $PW 
1 
2.0% 
10.5 
1.06 
83,740 
83,740 
21 0 
399 
399 
3 
2.0% 
10 
2.5 
197,500 
163,223 
200 
940 
777 
5 
2.5% 
8 
1.5 
- Total 
118,500 399,740 
80,937 327,900 
200 
- Total 
564 1,904 
385 1,561 
In that example, a 210-kW storage plant is used in years one, three, and five of its life, at 
three separate locations. Each deployment is done to defer a T&D upgrade for the 
respective location for one year. Deployments are worth $399, $940, and $564 per kW 
(of storage), respectively in those years. The total is nearly $2,00O/kW ($1,56l/kW net 
present worth (PW) value). 
Portability also reduces risk because the storage plant can be redeployed if it: a) is not 
actually needed where it was originally deployed, or b) cannot provide sufficient value 
where it was originally deployed. 
Summaw of Product Characteristics 
To participate in this emerging market, storage technology developers and system 
suppliers must offer field-proven, reliable, user-friendly, turnkey, modular (1 00 kW to 
1 MW) storage systems. 
Proven system reliability is most important for transmission and distribution deferral 
purposes, since a utility would almost certainly require a performance guarantee and 
perhaps even insurance against failure to operate during infrequent but severe local 
demand peaks. Utility engineers and regulators must have assurance that the storage 
plant will operate very reliably on command, or they would be assuming additional risks. 
38 
Furthermore, if distributed storage solutions require specialized engineering, 
construction, or installation, then utility engineers and regulators are unlikely to even 
consider storage. Especially for smaller scale projects, the “hassle” and related overhead 
cost must be very limited. 
Though storage capacity may have to be as much as several MWs per site, 100-kW to 
200-kW modules would be portable and flexible (can be added in increments, as needed 
to match T&D system load growth.) It appears that roundtrip storage efficiency is not a 
major driver of product viability (down to about 70%). 
5.4. Possible Owners of Distributed Storage Systems 
The most likely owners of such storage systems initially would be utilities. They have 
the best chance of being rewarded for T&D deferrals. Utilities that are most likely to 
embrace the concept are: a) those with an operations and planning structure that is driven 
by what is generically referred to as performance-based ratemaking (PBR), and 
b) municipal utilities (munis) or co-operatives (co-ops) that manage their bulk electricity 
costs while deferring T&D upgrades. Investor-owned T&D utilities (other than munis or 
co-ops) must have regulatory permission to use distributed storage for arbitrage and in 
lieu of T&D capacity upgrades, before significant deployment of distributed storage may 
occur. 
Eventually, Energy Service Companies (ESCOs) or Energy Services Providers (ESPs) 
will also enter this market, once the rules become more certain, especially regarding 
interconnection and utility roles. Energy Service Companies may be a significant 
“market maker” for distributed storage if they can negotiate with the T&D utility such 
that the utility is willing to “reward” the ESCO for allowing deferral of T&D 
investments. 
End-userdenergy customers could also participate in this market, especially if 
a) reliability and/or power quality are important concerns, or b) electric tariffs provide 
compelling time and location dependent price signals for energy and/or demand. The 
authors contend that electricity end-users for whom distributed storage may be most 
viable are those: a) with relatively large demand (at least tens of kW), b) with which the 
utility can and will share a portion of the T&D deferral benefits, and c) that have access 
to the electricity marketplace (for arbitrage). 
State-specific regulations affecting viability of the respective ownership schemes 
described above range from those that encourage some or all of them, to those that 
discourage all of them. Many state’s regulations are largely silent with regard to any or 
all of these ownership propositions. This makes generalizations about market feasibility 
difficult, and beyond the scope of this phase of the study. 
5.5. Non-Storage Alternatives 
For this study, distributed storage systems were compared to the grid. In reality, other 
distributed resources would also compete for some or most of the same load. Distributed 
generation is a strong competitor; leading options include small reciprocating engines and 
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gas turbines. Eventually fuel cells might be used in these applications also. Another 
competitor may include demand management techniques including geographically 
targeted intermptible/curtailable rates. 
So, the ultimate price point set by distributed storage systems vendors will be influenced 
by the life-cycle costhenefit relationship for all competing solutions that can provide 
power for T&D deferral. 
The key advantage that storage and all distributed resources have over T&D solutions is 
modularity. Transmission and distribution upgrades are usually installed in large 
increments whereas, in any given year, the only amount of new capacity needed is equal 
to one year’s load growth. Conversely, distributed resources ire modular: they can be 
added little by little as load grows. This T&D investment, known as “oversizing,” gives 
modular, distributed resources a distinct advantage “on the margin.” 
For example a 10-MW distribution feeder growing at 2% per year will frequently be 
upgraded by 5 MW, far in excess of the 200 kW that is immediately needed (2% load 
growth per year * 10 MW). 
Storage has some unique advantages relative to distributed generation technologies. 
Depending on the generation mix in the grid electric supply system, storage may provide 
advantages over distributed generation options. For example, assume that a central 
peaking generator’s fuel efficiency is 30% and that the fuel efficiency of baseload 
generation is that of a new combined cycle plant, about 48%. For 80% efficient storage, 
the on-peak “efficacy” of the storage is 48% * 80% = 38%. That is a full 8 percentage 
points more efficient than the central peaker. This example ignores effects associated 
with T&D losses, which would also favor storage. 
There is a similar relationship for energy cost. Consider a DG system that can produce 
energy for 7$/kWh (incremental) including fuel and O&M. Compare that to storage with 
a variable O&M of l$/kWh, that is 80% efficient, using charging energy with a price of 
3$/kWh. For storage, the incremental cost per kWh of output is 
l$/kWh + (3$/kWh/0.8) = 4.75$/kWh. In addition, for storage (relative to generation) 
there is no need for fuel storage or for black start capability, and storage plants have little 
or no air emissions. 
5.6. Defining Market Success 
Market success would be measured by the fraction of load growth, in fairly volatile 
electricity price areas, for which storage is considered and adopted as the solution. The 
first step toward success could be a demonstration plant of 250 kW to 1,000 kW, located 
within a utility distribution system that is dispatched for both benefit streams. Reliable 
and trouble-free operation for one or two peak demand seasons would be a technology 
success. 
A second such demonstration with either a second storage technology, or 
40 
a larger scale (power) system would be an important second indicator of success. The 
market would be well on its way after a dozen such plants had successful demonstrations. 
A mature market would have two or more storage system vendors competing for shares 
of a billion dollar per year market. Pre-engineered modular systems would be available 
for delivery on three to six month product delivery cycles, The ability to modularly 
upgrade existing systems would also be a sign of market and vendor maturity. 
5.7. When Could This Market Realistically Develop? 
The concept of using storage for energy arbitrage 
pursuing them in combination, with the same storage plant is new. This “newness” will 
slow the pace of market development for the combined opportunity. 
for T&D deferral is not new; but 
The effort to develop storage projects with both benefits streams will be mostly due to the 
novelty of using storage for T&D deferral. As the deferral market matures over the next 
five years, win-win opportunities like this will become more obvious and market entry 
should accelerate. 
Bellwether signs from the electricity industry that this market opportunity could be ready 
to approach the potential indicated above would be: 
0 state regulators insisting that distributed resources (such as storage) be considered as 
alternatives for all wire upgrades. 
continued wholesale electricity price volatility in a free and open marketplace. 
the use of “de-averaged” electricity rates (i.e., electricity tariffs that reflect time-of- 
use and place-of-use). 
0 
0 
0 declining electric service reliability. 
The pace of energy storage technology and energy storage system development will be 
up to the manufacturers, but positive storage industry indicators would be: 
0 participation of storage technology developers in distributed energy resource market 
development efforts such as IEEE P 1547 and related interconnection standard-setting 
activities. 
development of storage products targeted at applications requiring low initial cost by 
trading off cost with efficiency. 
offerings of packaged and modular systems in the 100-kW to 1-MW range. 
demonstrations targeted at utility grade applications. 
the availability of strong warranties and guarantees. 
0 
0 
0 
0 
In the absence of any of the above, the markets for combined arbitrage and T&D 
deferrals will be slow to develop, and will probably be limited to demonstrations of the 
technical feasibility in the near term. 
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Section 6. Market Challenges 
6.1. Introduction 
Several market challenges affecting the prospects for widespread use of energy storage 
for arbitrage plus T&D deferral are described below. They include: 
0 Perceptions 
0 
0 Technology cost and performance 
0 Operational challenges 
0 Estimating and sharing benefits 
0 
Distributed energy storage’s limited record 
Competitive challenges from distributed generation and utility pricing 
6.2. Perceptions 
A key to the development of any market is based on the market’s perception of the 
benefit versus cost relationship (value), and about related risk. Even if the financials are 
good, misperceptions may drive decisions. This is especially important for an emerging 
technology that is to be used for a previously untried application. 
Key stakeholders that must be convinced of the value of DS include: utility engineers, 
financial decision-makers, regulators, insurance and banking industries, and local 
governments that may have to permit the equipment. Taking steps to reduce prospective 
users’ perceived risk is an important next step toward development of the market for 
storage for the arbitrage plus T&D deferral application. 
6.3. Distributed Energy Storage’s Limited Record 
Energy storage for arbitrage is somewhat familiar to potential users although most of the 
historical experience involves larger storage plants. However, there is limited experience 
with energy storage for T&D applications. As a result, distributed storage is, to a large 
extent, still a novelty to most utilities. 
There is a significant record of successhl operation of battery systems that are similar to 
those needed for the arbitrage plus T&D deferral application. Nonetheless, technology 
risk - perceived or real - affects perceptions about suitability of distributed storage for 
T&D applications. 
Before widespread adoption of storage for arbitrage/T&D deferral is likely, a fairly broad 
spectrum of stakeholders will need to know more. Some of them are: utility financial and 
accounting decision-makers, and engineering decision-makers, utility regulators, and 
government agencies with jurisdiction over matters such as air emissions, building codes, 
fire and operational safety, noise, and zoning. 
For example, before widespread adoption will take place, energy storage systems must be 
in compliance with the National Electric Code before local fire marshals will allow a 
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facility to be used. This is especially troublesome if there is uncertainty about which 
codes and standards apply, as may be the case for new technologies. 
Given the foregoing, there is a need to provide more evidence that: a) using energy 
storage for arbitrage plus T&D deferral is practical, safe, and environmentally sound, and 
b) energy storage technology is sufficiently reliable. Evidence requires demonstrations. 
Demonstrations are also needed before insurance, accounting, and tax related protocols 
can be developed. For example, residential or commercial distributed storage system 
owners may violate provisions of their insurance policies or may not be able to recover 
damages if storage equipment malfunctions. 
Demonstrations would also provide information about the effect of energy storage 
equipment related to noise, impacts on air quality, and aesthetics. Demonstrations would 
also address possible safety concerns such as operation and use, storage of hazardous 
materials, or generation of hazardous waste. 
6.4. Technology Cost and Performance 
High cost (equipment, operation and maintenance) is an obvious barrier to significant 
market use of storage for arbitrage plus T&D deferral benefits (Appendix E). Although 
each circumstance is different, based on study findings: 
0 Low capital cost and high reliability are much more important than round trip 
efficiency for the combined arbitrage plus T&D application. An installed system cost 
of about $l,OOO/kW for four or five hours might be inexpensive enough to earn 
market share. 
0 Variable operation and maintenance cost of one cent per kWh is low enough for 
storage to be cost-effective for highly volatile price situations. 
0 One potential problem for some types of batteries used for energy arbitrage is that 
frequent deep discharging may increase O&M substantially. 
6.5. Operational Challenges 
Even if the storage device can be built at a cost well below current prices, operation of 
such systems for arbitrage plus T&D deferral may not be straightforward. 
Arbitrage 
For this study, the arbitrage benefit was estimated with a dispatch model that uses historic 
energy price data; the result was that dispatch was performed with perfect knowledge 
about the future. 
In reality, decisions about storage plant operations (charge and discharge) must be 
managed either by humans or by programmed control logic that can make hourly or even 
minute-to-minute decisions. If people must make such decisions, especially if numerous 
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storage plants must be controlled, the cost could be prohibitive. So it will likely be 
important to develop control logic, perhaps involving artificial intelligence. 
Transmission and Distribution Deferral 
Based on actual load data from two utilities in the PJM area, estimating the magnitude of 
local peak demand (demand that will exceed the T&D node’s load carrying capability) is 
relatively easy. Furthermore, based on typical utility operational criteria (primarily 
weather-related), it may even be possible to predict when peak demand may occur. As a 
result, the authors contend that dispatching storage to defer T&D upgrades is less 
challenging than dispatch for arbitrage benefits. 
To be specific, the authors concluded that it would be fairly easy to determine for which 
days there is a ten percent or greater chance that demand will exceed load carrying 
capacity of the T&D node. For those days, the storage plant must be fully charged and 
ready to serve load (discharge) before the peak demand occurs. Also, for those days, the 
storage is discharged only to keep the net loading on the respective T&D node below its 
load-carrying limit. 
Electrical Effects on Transmission and Distribution 
There is very limited experience with operation of distributed resources (including 
storage) on specific T&D nodes involving: a) several or many distributed resources, or 
b) distributed resource capacity that is a large, or even a modest portion of the total load 
being served by the respective T&D node. 
Important knowledge needed includes: 
0 practical limits to the portion of transmission capacity and the portion of utility 
distribution capacity that can be served by DR capacity; 
the types and level of protection needed for DR interaction with the grid and related 
costs; 
possible effects on grid power quality and reliability. 
0 
These issues are currently being addressed by the greater DR community. For more 
about that, readers should refer to the Department of Energy’s web site for the distributed 
energy resources program and for the distributed power element of that program.53697 
6.6. Estimating and Sharing Benefits 
There are many potential barriers to obtaining (monetizing) the benefits one might 
calculate for storage systems. They are not insurmountable, but neither can they be 
ignored. 
Utility Cost Allocation 
0 Local utility avoided costs (generation, transmission and distribution credits can be 
offered, shared, or withheld). 
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0 The mechanisms and degree to which costs associated with utility service reliability 
are allocated among customers, and/or how benefits (i.e., from additional DRs) are 
shared between the utility and their customers. 
0 Regional capacity value situation (capacity shortage versus oversupply). 
Utility Pricinn Mechanisms and Stratenies 
Though not the subject of this study, it is conceivable that energy storage could be 
purchased by utility customers, perhaps in partnership with utilities. Customers could use 
it to reduce electric bills and/or for more reliable, higher quality electric service. Utilities 
could encourage customers to do this - to defer T&D upgrades - with financial 
incentives. 
At present, some utilities adjust customer rates or terms and conditions (for service) to 
discourage customers from installing distributed resources. This can be done several 
ways such as through the use of standby charges, exit fees, net metering provisions, 
distribution uplift or delivery charges (for energy sent to other customers), demand 
charge ratchets, long daily peak demand periods, and “full requirements” contracts. 
Uncertainties in the New Electricity Marketplace 
An underlying premise for this study is that energy price volatility will continue. Though 
that seems likely, given existing information, it is possible that energy price volatility 
may moderate. If so, energy arbitrage benefits will diminish. 
Transmission capacity additions are uncertain. Congestion charges, in one form or 
another, seem likely in some regions of the U.S. (unless transmission capacity is added). 
Many utilities are hesitant to make large transmission or distribution investments until: 
a) related federal and state regulations are developed or clarified, b) regional transmission 
operators (RTOs) are in place, and c) other sources of “regulatory uncertainty” are 
addressed such as interconnection and pricing of services for customers with DRs. 
6.7. Competitive Challenges 
Distributed Enernv Resources 
Storage will have to compete with the electric grid and with other distributed resources 
for the arbitrage plus deferral application. Technological breakthroughs are accelerating 
for several distributed generation technologies that might compete with storage in any 
given circumstance. Leading distributed generation options are fuel cells, microturbines, 
and advanced reciprocating engines. 
For the near future, the key competition from distributed generation would seem to be 
from advanced reciprocating engines. They are relatively inexpensive (per kW) and fuel 
efficiency and air emissions are improving. The key challenge for storage is that it tends 
to cost more per kW than engines. The effects include a need to obtain more capital up- 
fiont to purchase the storage equipment, annual financing payments are higher, and 
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financial risk is higher. Owners of the more expensive equipment may be subject to 
higher property taxes and higher insurance premiums, per kW. 
Utilitv Pricinq Solutions 
As described in Section 6.6. Estimating and Sharing Benefits, utility pricing is an 
important factor affecting the attractiveness of distributed energy storage for T&D 
deferral. In this case, utility pricing could become a competitor to energy storage. 
It is a well-established practice for utilities to use geographically targeted pricing to affect 
customers’ behavior. If targeted at areas that are downstream from grid hot spots, such 
pricing could be used to reduce load and thus defer the need for additional T&D capacity. 
Options include interruptible or curtailable tariffs, demand charges, time-of-use energy 
pricing, and “capacity payments” for controllable loads. 
Section 7. The Plan - “Enabling and Facilitating” Market 
Development 
7.1. Key Market Challenges 
The market for distributed storage for the proposed high value utility application - 
arbitrage plus T&D deferral - does not presently exist; it must be developed. The use of 
distributed energy storage for arbitrage or for T&D deferral is quite rare. Neither is 
regarded as mainstream. 
Because of this dearth of experience, the marketplace for distributed storage requires 
development. The items listed below are factors that are being addressed or will have to 
be addressed before there is significant proliferation of distributed storage for the 
arbitrage plus T&D deferral application. 
However, it seems likely that there are enough opportunities with high value that some 
projects could be developed now, before a more mature market can exist. Though rare, 
there are organizations on the front line of the utility infrastructure that are willing to test 
the concept. 
Some of the items described below are generic to all distributed resources (especially 
distributed generation). Others are specific to the arbitrage plus T&D deferral 
application. Some of these issues will be resolved over time by other technologies. 
Some issues require attention specifically by the energy storage industry. 
Market Development Challenges Generic to Distributed Resources 
This section describes a few key challenges facing distributed resources that also affect 
prospects for distributed storage. The items listed are, to one extent or another, being 
addressed by the distributed generation industry. They are topics that the storage industry 
should monitor. And, as appropriate, the industry may seek to influence related 
developments and/or to leverage related activities (e.g., development of interconnection 
rules). 
Regulatory Acceptance of Distributed Resources 
The distributed resource concept is becoming an accepted alternative to the conventional 
means for delivering electric utility services, but the process has a long way to go. There 
is a need for more experience and a compelling characterization of benefits and costs 
before regulators will accept distributed resources as a “mainstream” solution. 
Utility Risk and Reward Sharing Mechanisms 
It seems likely that there are many cases for which distributed resources may be the 
lowest cost alternative (for serving incremental capacity needs). However, existing 
engineering and business practices, biases, and regulatory provisions lead utility 
engineers and planners to favor the conventional grid alternative; in this case, addition of 
transformer and wire capacity far in excess of what is needed when the existing capacity 
first becomes overloaded. 
Utility Electrical Engineering and Interconnection 
Any distributed resource that actually injects electrons into the grid must satisfy existing 
rules and practices regarding electrical protection, grid interconnection, and safety. 
Because distributed resources are still rare, there is limited experience with the electrical 
implications of their use. Furthermore, design and electrical engineering tools (e.g., for 
circuit analysis) that address the impacts of distributed resources do not exist, for the 
most part. 
For distributed storage perhaps the most concrete manifestation is the interconnection 
issue. Various states already have, or are developing, grid interconnection standards that 
will affect prospects for storage. To date, most address only generation. Coordinating 
with those efforts is important for the energy storage industry in general, and particularly 
if the arbitrage plus T&D deferral application is to become practical. 
Siting 
Because distributed storage is so unfamiliar, in any specific locale there may be 
reluctance to permit it. If there is even a remote possibility that distributed storage will 
be considered a hazard or a nuisance, even based on unfounded perceptions, storage 
developers may find that it is difficult or even impossible to get a plant sited and 
permitted. One manifestation of this challenge could be requirements for expensive 
environmental impact reports. 
Market Development Challenges Specific to Distributed Storage 
Need to Demonstrate the Application 
Currently there is a compelling need to demonstrate distributed storage used for the 
arbitrage and T&D deferral application. Demonstrations are the necessary first step 
toward establishing a track record, so utilities, regulators, insurers, and local permitting 
agencies know that storage performs well. 
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Accepted Method Needed for Determining Storage Plant Size 
Though adequate for a policy or high level evaluation, the methodology used to size the 
storage systems for this study is not adequate for actual design. Approaches used to 
estimate distributed storage power requirements and discharge duration for actual 
projects will have to be more robust. More importantly, they will have to be accepted by 
utility power engineers and regulators. 
Accepted Method Needed for Estimating Direct Financial Benefits 
The methodology used to estimate both arbitrage and T&D deferral benefits would have 
to be accepted by utilities, regulators and project financiers before it can be accepted as 
“mainstream.” If the methodology is accepted it will have to be formalized. If it is not 
acceptable, a methodology that is acceptable will have to be identified and/or developed. 
Limited Choice of Storage System “Products” 
Though commercial grade distributed storage subsystems are available, few distributed 
storage systems are in use and some subsystems may still require development for the 
arbitrage plus T&D deferral application. 
Besides technical specifications, a commercial grade product will have to allow for plug- 
and-play operation and must be fully supported by the vendor. Products must be easily 
deployable and must come with performance guarantees and warranties. 
Communication with Electric Utility Systems 
Currently, electricity supply and transmission and distribution systems do not have the 
necessary communication equipment for arbitrage to be a plug-and-play proposition. 
Distributed Storage Controls and Storage Dispatch Logic are Needed 
Though distributed storage controls will be similar to those for distributed generation, 
there may be some development needed to standardize distributed storage for the 
arbitrage plus T&D deferral application. Presumably the energy storage industry and the 
controls industries will address this need. 
A need related to distributed storage control is for robust, straightforward logic for 
dispatching distributed storage for the arbitrage plus T&D deferral application. By itself, 
dispatch for T&D deferral is relatively straightforward. The control logic to dispatch for 
arbitrage is not so straightforward. Combining the two is an important challenge. 
Limited Understanding of Possible Air Quality Benefits from Distributed Storage 
It is possible for energy storage in general to have a positive impact on air emissions 
(locally and/or regionally). Various ways that the use of storage can reduce air emissions 
include: reduced (net) transmission and distribution losses, fewer power plant start-ups, 
reduced use of dirtier, less fuel-efficient peaking power plants, and reduced cycling of 
central power plants. However, limited research has been done to investigate the 
potential benefits, especially for distributed energy storage. 
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7.2. Needed Research 
There are a number of ways that additional research can facilitate the acceptance of 
distributed storage. One way is to assist the storage industry to better understand utilities’ 
interest in and concerns about distributed energy storage. Another way to facilitate 
market development is to help utilities gain a better understanding of distributed storage’s 
potential benefits and how to pursue them. 
Another potential research role is facilitation of utility-vendor demonstrations by 
undertaking “screening level” evaluations with utilities. The objectives of such 
evaluations would be to: a) provide opportunities for vendors to learn more about utility 
needs and perspectives, b) develop a framework for estimating project-specific estimates, 
and c) identify attractive hardware demonstration opportunities. It would also be 
valuable to catalyze development of standards or models for: 1) utility evaluation of 
distributed energy storage financials such as estimating costs and benefits, 2) plant 
performance, especially power quality and reliability, and 3) performance guarantees and 
warranties. 
In pursuing these tasks, research would help to better define the possible benefits from, 
and market prospects for, win-win partnerships between utilities and customers involving 
use of energy storage for mutual additive benefits (Le., to reduce customer utility bills 
and to defer T&D upgrades). 
7.3. Market Development Plan 
Plan Scope and Goal 
The goal of a market development plan is to catalyze the market by addressing key 
challenges to market development for distributed storage (for the arbitrage plus T&D 
deferral application), i.e., challenges that are not being addressed by the distributed 
generation industry. 
Plan Elements 
Demonstration #I 
There is a need to coordinate stakeholders including state energy programs and 
regulators, vendors, utilities, and electric service companies (ESCOs) to design and 
install the first-of-a-kind distributed storage system for the arbitrage plus T&D deferral 
application. 
The demonstration plant would be sized between 250 kW to 1,000 kW for four hours. It 
would be located within a utility distribution system and would be dispatched for both 
benefit streams (arbitrage and T&D deferral). 
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Demonstration #2 
A second such demonstration for a case with circumstances favoring the distributed 
storage option would also be needed. It would be: a) a second (different) storage 
technology, and/or b) a larger scale (power) system. 
Define Elements of a Robust-though-Straightforward Storage Plant Sizing Methodology 
Before utility engineers can embrace distributed storage for T&D deferral they must have 
a robust methodology for determining the appropriate power and discharge duration for a 
given location. Without it they are not likely to feel comfortable with distributed storage 
at all, or, they may resort to plant oversizing, leading to reduced value per dollar invested 
in the storage plant. Development of the methodology would be done in consultation 
with utility power engineers, regulators, and vendors. 
Validate Method for Estimating Direct Financial Benefits 
An important milestone for development of the arbitrage plus T&D deferral market 
would be to validate or refine, and formalize the methodologies used to estimate both 
arbitrage and T&D deferral benefits. This would be done in consultation with utility 
power engineers, financial decision-makers, and regulators. 
Next Step 
Ideally, demonstrations one and two would occur within 18 months and 30 months, 
respectively. The first steps are to identi@ potential partners and to scope out prospective 
sites (including storage plant size requirements and financials). The next step is 
development of a specification for the plant for vendors. 
Plan Success Criteria 
Demonstration Plants #I and #2 
Technical success associated with the two demonstration plants will be reliable and 
trouble-free operation for two peak demand seasons. 
Market Acceptance 
One important institutional indicator that the marketplace is developing would be that 
distributed storage is treated as a technically and financially viable option by utility 
power engineers, financial decision-makers, and by regulators. Success could be defined 
as the conditions outlined above in states representing twenty percent of U.S. peak 
demand, within four years. Preferably, the twenty percent corresponds to states with 
conditions that favor the arbitrage plus T&D deferral application, or at least the T&D 
deferral application alone. 
Market Growth 
The market would be well on its way aRer a dozen such plants have worked well. 
Specifically, market success would be indicated by ratings for plants in service totaling 
two to five MW, and six to 20 MWh of storage used for the combined applications within 
four years. 
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Follow-on Market Development 
Coordination with Distributed Storage-related Developments in the Distributed Generation 
Marketplace 
Because so much activity affecting prospects for distributed storage is being undertaken 
by distributed generation stakeholders, it is important that the energy storage community 
learn important lessons from those activities. The energy storage industry should also do 
what is necessary so that rules, regulations, and standards for distributed generation can 
accommodate energy storage. 
Specific topics to monitor include: utility and regulatory acceptance and treatment of 
distributed generation, electrical effects on utility grid systems, interconnection rules and 
practices, benefits assessments, and siting. 
Scope Out a “Model” Product 
One possible way to encourage the market for distributed storage for arbitrage plus T&D 
deferral would be to develop a model design. Not only would it serve as a technical 
specification, but the process of developing the model would also be an important forum 
for various stakeholders to learn about other perspectives. Participants would include 
utility engineers and financial decision-makers, regulators, vendors, and possibly 
representatives of building permitting agencies. 
Energy Storage Design Assistance Center 
One possible way to provide stakeholders with necessary information and perhaps even 
evaluation methodologies and tools is to establish an Energy Storage Design Assistance 
Center for utilities, ESCOs, and utility customers, with a mission that is similar to the 
design assistance center established by Sandia National Laboratories for photovoltaics. 
Develop Models for Risk and Reward Sharing 
A promising way to empower utilities to take advantage of distributed resources and 
distributed storage in the near term is for regulators to allow utilities to share related 
rewards with customers who are willing to share some of the risk. For example, a utility 
would be allowed to give a rebate to customers that agree to cut their peak demand if the 
storage plant fails. So instead of the utility taking all of the risk related to storage plant 
failure, they share it. The quid pro quo would be a rebate or a credit on the customer’s 
bill. 
In fact, utilities already do something similar. They use what are called interruptible or 
curtailable (I/C) tariffs. However, this is rarely done at the distribution level. 
Traditionally I/C rates have been used for supply system capacity (generation or power 
purchases). 
One possible way to catalyze market development for distributed storage would be to 
survey existing utility practices for such risk and reward sharing. Depending on findings, 
including gaps that affect prospects for distributed storage, the next step would be to 
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develop models for establishing geographically targeted I/C rates, credits, and rebates 
that enable cost-effective distributed storage. 
Investigate Use of Distributed Storage for Arbitrage plus Ancillary Services 
As noted elsewhere in this report, distributed energy storage could be used for ancillary 
services. In fact, use of distributed energy storage for ancillary services may be quite 
compatible with use of the same storage plant for arbitrage.* 
The implications of this may be significant: consider storage used for just one year of 
T&D deferral and then left in place for arbitrage plus ancillary services for ten years. 
Contrast that with storage deployed in location A, then moved to location B in year three 
and to location C in year five. 
In the former example three storage plants are soldused. In the latter example just one 
battery plant is soldused. That is, the initial storage plant is used in location A then left 
in place for arbitrage and ancillary services, then two more storage plants are needed for 
T&D deferral at two additional locations (B and C), one in year three and one in year 
five. 
Investigate Possible Air Quality Benefits from Distributed Storage 
As noted above, energy storage may be one solution to air quality problems. Given the 
importance of air quality, it may be valuable to investigate prospects for distributed 
storage to reduce undesirable air emissions. Four facets to be investigated would include: 
Avoided T&D 12R losses (net: on-peak - off-peak) 
Fewer central generation plant start-ups and avoided cycling/partial load operation of 
central fossil-fueled generation plants (and resulting inefficiency and increased 
emissions vis-a-vis full load operation) 
Use of “dumpyy energy (from coal, nuclear, and hydro) that would otherwise be 
wasted 
Reduced use of peaking generation that tends to be much less fuel efficient and that 
usually has much higher emissions (per kWh) than baseload generation. 
Communication with Electric Utility Systems 
Before distributed storage can be used to supplement the greater utility system, the 
necessary communication links will have to be in place. An initial investigation of this 
challenge would involve: 1) an evaluation of the status of relevant communication 
protocols, 2) a characterization of possible ways to enable market development in the 
near term while necessary standards and protocols are developed, and 3) a plan to 
develop or to influence development of standards and protocols. 
Need for Distributed Storage Dispatch Logic 
To address the need for commercial-grade logic for dispatching distributed storage for the 
arbitrage plus T&D deferral applications, research would include: a) survey of existing 
and emerging methodologies - hardware, software, and control systems, b) a 
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characterization of what will be needed, and c) actions or programs needed to spur 
development. 
Initial Characterization of Prospects for ESCOs as Marketmakers 
It is assumed that, at least initially, only utilities will have the incentive and institutional 
means to use distributed storage for the arbitrage plus T&D deferral benefits. Eventually 
though, ESCOs may develop storage projects. 
The goal of related research is to better understand prospects for ESCOs to serve as 
marketmakers for distributed storage. The potential role of ESCOs in market 
development for distributed storage (for the arbitrage plus T&D deferral applications) 
would be investigated and characterized. Possibilities to be investigated include use of 
load aggregation, shared savings, energy sales and purchase agreements, and capacity 
“contracts” with utilities. 
Initial Characterization of Prospects for End-user-owned Distributed Storage 
In some circumstances, electricity end-users may be in a better position to install 
distributed storage. Such a study would characterize the potential role of electricity end- 
users in the market for distributed storage used for the arbitrage plus T&D deferral 
applications. Possible mechanisms for end-users to justify use of storage might include 
direct energy and/or demand bill reduction, contracts with utilities or ESCOs, or I/C rates. 
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Appendix A-Secondary Benefits 
A.1. Introduction 
In addition to the two primary applications described in this study for DS, three 
additional (secondary) applications were considered: 
1. Ancillary Services 
2. Local Power Quality 
3. Local Electric Service Reliability 
One objective of the study was to evaluate prospects for energy storage systems to serve 
the primary applications and some or all of the secondary applications. If so, the 
resulting “supplemental benefits” would be added to benefits associated with the primary 
applications (energy buy-low-sell-high and T&D deferral). 
A.2. Evaluation 
Ancillary Services 
Ancillary services involve electric resources used to optimize, stabilize, and otherwise 
“support” operation of the electricity grid. For example, some ancillary services involve 
maintaining grid voltage and frequency. Appendix G details the description of ancillary 
services. 
The authors found that the technical requirements for energy storage equipment used for 
energy buy-low-sell-high and/or or used in lieu of T&D capacity are compatible with 
requirements for most ancillary services. This is consistent with the most recent Sandia 
National Laboratories report “Innovative Business Cases For Energy Storage in a 
Restructured Electricity Marketplace,” SANDO3-0362. Perhaps the one exception to this 
observation is that storage systems used for most ancillary services require a more rapid 
response time than systems used for buy-low-sell-high and for T&D capacity. 
In addition to being technically compatible, buy-low-sell-high financial transactions are 
also compatible with those for ancillary services. Consider a situation where storage 
provides ancillary services with value higher than the price of electric energy. In that 
case, storage would be used for buy-low-sell-high transactions when not providing 
ancillary services. That is, owners schedule buy-low-sell-high transactions around 
ancillary services-related commitments. 
For example, a storage unit can sell into a high-price energy market for a specific time 
period (say, a three- to four-hour afternoon system peak), dispatch for T&D load clipping 
during another time period, provide regulation or reactive supply (both ancillary services) 
during other time periods, etc., all within the same 24-hour period. However, it is 
important to note that there may not be enough time for the storage to recharge, hopefully 
with low priced energy, if it is to serve all of these applications. 
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However, despite the technological compatibility between storage used for T&D capacity 
and for ancillary services, operationally it is not possible to provide both T&D capacity 
and ancillary services simultaneously. Please see Appendix E for a detailed 
characterization. 
Readers should also note that though storage can indeed provide ancillary services in a 
technical sense, the marketplace for ancillary services is just developing. Given that, the 
general state of transition in the utility industry, and given the lack of standardized 
definitions of, and contracts and payments for ancillary services, it is difficult to 
generalize related financial benefits. 
Service Reliability and Power Quality 
The two remaining secondary applications - improved power quality (PQ) and 
reliability-are very circumstance-specific and thus their compatibility with other 
applications cannot be generalized easily. However, in some cases they may indeed be 
additive with the primary applications. For example, storage used primarily to defer an 
upgrade could be located at the facility of a utility customer that requires especially high 
service reliability and/or power quality. 
As with ancillary services, there is not a well defined “marketplace” for power quality or 
reliability “services.” To the extent that markets do exist, they are driven by customer- 
specific criteria and rarely involve utility/end-user transactions. 
A.3. Utility Comments about Supplemental Benefits 
Based mostly on comments from Utility 1, storage located within the distribution system 
would indeed reduce the amount of capacity needed upstream to serve a given amount of 
customer load. If storage capacity was significant enough, responsible parties would 
need less capacity in the future. 
12R losses, like fuel costs, are a “pass-through” to the energy customer. So, because these 
costs reductions are not reflected in the utility’s bottom line there is no direct incentive to 
reduce the losses. However, to the extent that losses affect capacity needs, the utility 
does have an incentive to reduce the losses. Fortunately for DS, when utility circuits are 
heavily overloaded, incremental 12R losses can have a significant effect on the load 
carrying capability of the circuit. 
Regarding PQ and reliability-there is no way to quantify the value unless deals could be 
made with specific customers. The utility would be paid for the “service,” establishing 
the “benefit.” The service would be something like providing a power conditioner andor 
a facility-wide U P S .  
Though all supplemental benefits may actually accrue for improved PQ or reliability, or 
for reduced 12R losses, whether DS receives credit for the benefits will depend heavily on 
who will get credit and/or blame for what. This is especially true in a monetary sense. 
Most utilities cannot and indeed are reluctant to ascribe a financial benefit to specific 
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reduction in distribution capacity requirements, reduced 12R losses (local), or for 
improved service reliability or power quality. 
A.4. Secondary Benefits Conclusions 
It is not practical to use storage for the primary applications and for ancillary services 
because ancillary services are likely to be required during the same times as T&D 
capacity is needed and when energy sales are most profitable. Though benefits 
associated with superior power quality and service reliability can be substantial (and can 
even be the primary driver for a decision to use storage) they cannot be generalized and 
are not likely to apply in all circumstances. 
Therefore, supplemental financial benefits from secondary applications will not be 
included in the value proposition for this study. 
Appendix B. Average Energy Buy-and-Sell Prices 
The following charts, Figures B-1 and B-2, are presented to show details about energy 
purchases and sales for energy storage plants with storage durations ranging from one 
hour to ten hours, for storage plants with 70% and 90% round trip efficiencies. Bars 
represent average buy and average sell prices. The line plot indicates the average net 
benefit (per transaction) given average purchase and sale prices and storage efficiency. 
On the top of each chart, for all storage plant durations (1 - lo), the number of annual 
transactions is shown. Multiplying the transactions by the average net benefit per 
transaction yields the total net benefit, for respective storage durations. 
Note that the average energy purchase price, average “sell” price, and average net benefit 
(profit in the chart) all drop off as hours of storage discharge duration increase. 
This information is provided for reference only. Average values are not helpful for 
decision-making; that requires estimates of total and marginal costs and benefits. 
Average BuySell Price at 70% Efficiency 
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Figure El. Average Buy-Sell Prices at 70% Efficiency. 
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Figure B-2. Average Buy-Sell Price at 90% Efficiency. 
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Appendix C Arbitrage Algorithm 
Introduction 
The purpose of this algorithm is to estimate the annual financial benefits for energy price 
arbitrage using historic time series price data. Prices are presented in chronological 
order. 
The logic optimizes hourly buyhell (charge/discharge) transactions, based on several 
criteria including storage plant discharge duration, price for charging energy, “sell” price 
(that is known), storage efficiency, and storage variable maintenance cost. 
Charging cost is defined as: $ buy-price/efficiency. 
For example, if energy is available for $3/MWh to charge a 70% efficient storage plant, 
then charging cost is: 
$3/MWh + 0.7 = $4.3/MWh 
The result of the exercise is to calculate the net financial benefit associated with all 
“profitable” transactions within a year. Profitable is defined as a transaction for which 
there is a net benefit. Net benefit is calculated as 
$ price for energy discharged-$ price to buy energy/efficiency. 
Note that this methodology uses historical hourly (average) price data. It reflects “perfect 
knowledge” about the future at any point in time. 
Each transaction results in a storage discharge of exactly one hour. For example, if a 
plant is rated at 1 MW then for each transaction there is 1 MWh of energy discharged 
over exactly one hour. Implicit in the approach used is the assumption that the storage 
plant can be charged in one hour. 
Methodology 
The logic used for the dispatch algorithm is described below. Note that the description is 
for dispatch of a storage plant with a discharge duration of one hour. The logic for 
dispatching storage plants with more than one hour of discharge duration is described 
later in this Appendix. 
Kev Principle 
Because the objective is to buy low and sell high, charging would occur only during 
hours that are local minima (price), and discharge would occur only during hours that are 
local maxima in the series. The minima occur at hours when the price is lower than the 
preceding and the following hours, and the maxima occurs when the price is higher than 
the preceding and following hours. 
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Step 1. Eliminate “Unusable” Hours 
This step involves elimination of hours from the dataset for which a decision to charge or 
discharge would be suboptimal. Recall that charging occurs only during hours that are 
local minima and discharge occurs only during hours that are local maxima in the series. 
So, for a storage plant with a one-hour discharge duration, buying or selling during any 
hours between minima (charging) and between maxima (discharging) is not optimal. 
They therefore are deleted from the dataset. 
Step 2. Algorithm 
The objective is to maximize net benefits from buy-low-sell-high opportunities. 
ChargingBuy Decision 
The objective is to buy at the lowest possible price. For any “current” hour, the logic 
“looks ahead.” It evaluates hours between the current minimum (the minimum 
containing the current hour) and the next minimum that is lower. Between those two 
minima, it locates the highest maximum price that exceeds the charging cost in the 
current hour, if any. That is, it determines whether the benefit for discharged energy at 
the respective future maximum in the series is greater than the current price. If there is a 
maximum price that exceeds the charging cost then the energy is purchased and stored. 
In other words, the “buy decision” is based on whether the energy can be sold at a later 
time for more than the net cost. 
Discharge/Sell Decision 
The objective is to discharge/sell to maximize net benefit. As with the chargehuy 
decision, for any current hour the logic looks ahead. It evaluates hours between the 
current maximum and the next maximum that is higher. Between those two maxima, the 
algorithm determines whether there is a minimum price at which the charging cost is less 
than the current hour’s price. That is, it determines whether the charging cost at the 
respective future minimum in the series is less than the current price. If so, the decision 
to discharge/sell is made. 
Annual Total 
The net benefit for all dischargehell transactions are summed to calculate the annual net 
benefits. 
Storage Discharge Duration > One Hour 
Analyzing storage plants with more than one hour of storage discharge duration requires 
one step like that described above for each additional hour. After each hour of storage 
discharge is processed, the hours (in the series) during which energy was purchased or 
discharged are removed from the price/cost table. As more hours of storage discharge 
duration are added to a storage plant, the net benefit for additional transactions 
diminishes. 
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Adjusting for Storage Charge Durations Less Than Discharge Durations 
A modification is required to the algorithm to allow for a charge-to-discharge ratio 
greater than one (e.g., if it takes one hour to store enough energy to discharge the storage 
plant for two hours, the charge-to-discharge ratio is 1 :2 or 0.5). 
To process the first hour of storage, the logic is as described above (for a storage plant 
with one hour of storage with a charge to discharge ratio of 1); but instead of eliminating 
“buy” hours from consideration when first used, the respective buy hours are “tagged” 
with a 1 to designate the amount bought (in that hour). That way (for a charge to 
discharge ratio of OS), the algorithm can determine whether additional charging can 
occur during the respective hour. 
Consider a two-hour storage plant. For a given minimum at which charging occurs, the 
first hour of storage is charged during % hour, and the minimum is tagged with a one. 
Then, when the algorithm seeks to charge the second storage hour, it knows that it can do 
so from the same minimum (hour) during which energy was stored for the plant’s first 
storage hour. After that, the respective minimum is tagged with a 2, indicating that no 
additional charging can occur in that hour. Once the maximum possible storage has 
occurred during the respective minimum, it is eliminated from consideration, just like it 
was for a charge/discharge duration ratio of one. 
After processing several hours of storage, because the algorithm eliminates more 
discharge hours than charge hours, it is possible that an hour during which charging 
occurred will suddenly be viewed as a local maximum and therefore a potential “sell” 
hour. To avoid this, the algorithm is not allowed to charge during an hour that is a local 
maximum. 
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Appendix D. Storage Discharge Duration Estimate -- 
Details 
This appendix provides details about the methodology used to determine discharge 
duration for one case evaluated for this study. The first chart below shows actual loads 
for 150 days during 2000, escalated by one year’s load growth. Evaluation of loads 
(leading to an estimate of the amount of storage needed) begins with the peak load day in 
the dataset. For this evaluation, the peak load day was August 8,2000. The peak load 
that day was 42.2 MW. 
It is assumed that the load profile for the historic peak load day is a good indication of the 
profile of a peak load day in the future. To that peak load, load growth is added to 
determine the amount of capacity (i.e., rated power output) and storage duration (hours of 
output at rated power) needed to meet load growth. This process is repeated for each 
year to be evaluated. 
The charts (D-1, D-2, D-3, and D-4) below depict the effect of one year’s load growth. 
For the first year evaluated, the load growth was 4% * 42.2 MW = 1.7 MW. Therefore, 
1.7-MW “capacity” (in this case from storage) was needed to meet load growth for that 
year. (Note: in the chart, the load growth is labeled “Load > Ceiling”, where “Ceiling” is 
the peak load in year 0.) 
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Figure D-1. Load Data, July 1,2000, to November 21,2000 (150 days), Plus Ome 
Year of Load Growth at 4.0%/yr. 
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storage disclzstrge duration must be about nine burs. 
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Figure D-3. Load Data, July 1,2000, to November 21,2000 (150 days), Plus Four 
Years of Load Growth at 4.0%/yr. 
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Figure D-4. Hourly Loads for August 8,2000 (Tuesday), Escalated at 4.0% for 
Four Years. 
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Appendix E. T&D Deferral Benefits - Details 
The following subsections show calculations used to estimate T&D deferral benefits for 
the five cases evaluated, four of which are specific real-life cases and one is a generic 
case. To estimate total benefits, these values are added to the energy price arbitrage 
benefits described in Section 2.2. 
Case 1 : Utility # I ,  Specific Upgrades 
Case 1.a. 2002 Service Upgrade to Island 
There are three specific upgrades with a combined cost of $10.6 million. They are: 
1) 69 - kV service to island-$5.3 million, 2) new island substation-$3.8 million, and 
3) 12.47 - kV Feeders-$1.5 million. 
Item Value Note 
Would have been deferred 
Peak load growth 2002 
Annual deferral benefit $837,400 $10.6 million * .079 cost-of-capital 
$10.6 million 
2.1 MW 
Deferral benefit from storage 
For a plant that can provide 2.1 MW. 
$399 / kW $837,400 / 2,100 kW load growth 
Case 1 .b. 2006 VAR Support to Island 
In 2006 there is a need for capacitors to provide VAR support to the island. By serving 
load growth in 2005 with a battery, the capacitor bank can be deferred. 
Item Value Note 
Cost for deferrable project 
Escalate at 3% (2002 - 2006) 
$1.2 million 
$1.35 million (1+.03)"4 = 1.125 
Annual deferral benefit $106,650 $1.35 million * .079 cost-of-capital 
Load 2005 73.9 MW 
Load growth 2005 2.1 MW 76 MW (load 2006) - 73.9 MW 
Deferral benefit from storage $5 l/kW $195,000 / 2,600 kW 
For a plant that can provide 2.1 MW for two hours. 
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Case 1 .c. 201 0 Upgrade Transmission to Island 
Projected peak load in 2009 on the island is 82.4 MW. That is roughly equal to the 
maximum load carrying capacity of the equipment. An upgrade is needed in 2010. 
Item Value Note 
Cost for deferrable project 
Escalate at 3% (2002 - 2010) 
$1.925 million 
$2.47 million (1+.03)Y3 = 1.2667 
Annual deferral benefit $195,140 $2.47 million * .079 cost-of-capital 
Load 2009 82.4 MW 
Load growth 2009 2.6 MW 85 MVA (load 2010) - 82.6 MW 
Deferral benefit from storage $75/kW $195,000 12,600 kW 
For a plant that can provide 2.6 MW for two hours. 
Case 1.d. Upgrade Circuit 
Use of storage located at or near the end of an overloaded circuit, to unload the circuit, 
so that only a portion of it must be upgraded. 
Item Value Note 
Cost for deferrable project $1.3 million per email July 15 
Annual deferral benefit $102,700 $1.3 million * .079 cost-of-capital 
Load growth ’03 - ‘05 1.5 MW per email July 15 
Load growth 2003 500 kW 1.5 MVA 1 3  years 
Deferral benefit from storage $205/kW $102,700 1500 kW 
For a plant that can provide 500 kW for two hours. 
Case 2: Utility #2, “Generic” Hot Spot Upgrade Cost 
The worksheet below shows calculations made to estimate the benefits for deferral for 
utility #2. The value of $35/kW-year of deferral value (per kW of nameplate rated 
capacity of utility equipment) is assumed to be indicative of high cost upgrades for 
which storage could be technically viable. 
Based on the results shown, storage used to defer the upgrade by one year is worth over 
$900/kW of storage. Note the large investment “lump” required for the upgrade; in this 
case a 66% capacity addition is required. In the first year of that investment, only one 
26th of the entire capacity is needed. 
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Stated another way, a storage plant with a power output capacity of 1/26th that of the 
utility upgrade's nameplate rating can be used to defer the utility upgrade for one year, 
for a financial benefit of $923/kW. 
Capacity Upgrade Deferral Benefit 
AlternativeI Storam 
Capacihj Existing (kVA) 42,000 
CaDacitv Addition IkVA', I 27,700 ....................................................................................................................................................................................... 
Upgrade Factor .66 
Addition Life (Years) 20.51 
(kVA Added I kVA Existing] ................................................................................................................................................................................. 
Demand~Growth Rate 
~~~ ~ 
Storage '6v;rsizing Factor"??;) 0.0% 
1,050 
Storage Capacity Needed to 
Meet Load Growth. Year 1 IkVAl 
........................................................................................................................................................................................ 
Fixed Charge Ratel . I 5  
Single Year Deferral Benefit, for 
Distribution Upgrade ($r'kVA, Year 1) 
Plant Installed Cost1 233.3 
Ratio: Upgrade Capacihj 26.4 to Storage Capacity 
Single Year Deferral Benefit for Storage 
Used to Meet Load Growth, Year 1 ($kVA) 
* Calculated a s  
Singie Year Deferraj Benefit for Storage 
times Upgrade Capacity To Stora.qe Capacity Ratio 
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323* 
Appendix F. Applications Attributes Matrix 
The application attributes matrix shown below in Table F- 1 was used to summarize the 
technical requirements of the primary and secondary applications described in Section 2. 
It was also used to evaluate the compatibility between the various applications. The 
criteria listed are described or defined in Section 2. The secondary applications are 
described in more detail in Appendix A. 
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Appendix G. Ancillary Services 
G.1. Overview 
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The primary function of the electric power system to supply electric energy from 
generators and deliver it to customers via the transmission and distribution systems. 
Ancillary services are defined by the Federal Energy Regulatory Commission (FERC) as 
those services necessary to support the delivery of electricity from seller to purchaser 
while maintaining the integrity and reliability of the interconnected transmission system 
(“the network”). 
The objective of this analysis is to evaluate the potential of energy storage technologies to 
serve markets for ancillary services, in addition to the two primary applications studied. 
G.2. Definitions 
Table G-1 is a list of the most common ancillary services and their generally accepted 
definitions. FERC’s Order 888 includes apro forma tariff with provisions for six 
ancillary services (items 1 - 6) .  The first two, System Control and Reactive Supply & 
Voltage Control, are mandatory, Le., under FERC rules transmission providers 
(transmission system operators, or TSOs) must supply these functions and customers 
must take them from the transmission providers. 
Ancillary services 4 through 6 are seen by FERC as essential services that must be 
offered by the TSO, but that customers are not required to take; that is, these services 
could be acquired from the TSO, through competitive markets, or self-supplied by 
customers. 
In addition, the National Electric Reliability Council’s (NERC) Interconnected 
Operations Services Working Group has identified six ancillary services that it considers 
essential to the operation of bulk power systems (items 7 - 12). FERC does not require 
transmission providers to offer these six ancillary services. 
Finally, Congestion Management (item 13) has been mentioned in recent years as a 
possible ancillary service, and is noted here in the interest of inclusiveness. 
Table G-1. List of Ancillary Services and Their Common Definitions 
1. System Control 
2. Reactive Supply & 
Voltage Control 
Scheduling generation and transactions ahead of time, and 
controlling some generation in real time to maintain 
generatiodload balance. 
The generation or absorption of reactive power fiom/to generators 
to maintain transmission system voltages within required ranges. 
~~ 
3. Regulation 
~ 
Minute-by-minute generatiodload balance within a control area T -  to meet NERC standards. 
4. Spinning Reserve 
5. Supplemental Reserve 
6.  Energy Imbalance 
Generation capacity that is on-line but unloaded and that can 
respond within 10 minutes to compensate for generation or 
transmission outages. “Frequency-responsive” spinning reserve 
responds within 10 seconds to maintain system frequency. 
Generation capacity that may be off-line, or curtailable load, that 
can respond within 10 minutes to compensate for generation or 
transmission outages. 
Correcting for mismatches between actual and scheduled 
transactions on an hourly basis. 
7. Load Following 
8. Backup Supply 
Generation dispatched to meet hour-to-hour and daily load 
variations. 
Generation available within an hour, for backing up reserves or 
for commercial transactions. 
9. Real Power Loss Generation that compensates for real power losses in the T&D 
Real-time control to electronically transfer either a generator’s 
output or a customer’s load from one control area to another. 
Replacement system. 
10. Dynamic Scheduling 
11. Black Start 
12. Network Stability 
Ability to energize part of a grid without outside assistance after a 
blackout occurs. 
Real-time response to system disturbances to maintain system 
stability or security. 
13. Congestion Management 
[Refs. 9 & 101 
Dispatch of generation to relieve loading on a congested 
transmission line or path. 
G.3. Analysis 
System Control: By definition, this is a scheduling and control function, not a 
generation-based service; therefore it is not relevant to storage systems. 
Reactive Supply & Voltage Control: Maintaining correct system voltage is seen as 
being most efficiently accomplished through a combination of interconnection and 
operating requirements between the entity providing centralized system control, such as a 
transmission provider, TSO or independent system operator (ISO), and the generators. 
The system controller may also have other equipment under its direct control, such as 
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capacitors, synchronous condensers, etc. Voltage problems are almost always local in 
nature, and the TSO is usually the only entity having sufficient information and control of 
resources available to make the appropriate corrective actions. Region- or system-wide 
voltage problems may be indicative of larger problems such as multiple line outages, but 
in any case must be dealt with on a system-wide basis. 
FERC has been skeptical that a sufficient number of independent resources would be 
available in most localized situations for there to be a viable competitive market for 
reactive supply, and for this reason has preferred that reactive supply remain a regulated 
commodity. Still, assuming that a competitive market develops, it is possible that storage 
could bid its supply in response to a call for reactive resources by an ISO, especially if 
shortages should develop. 10 
As an ancillary service, reactive supply is potentially compatible with energy arbitrage in 
the sense that energy bought at times of low prices could be dispatched as reactive power 
if the price is right, just as for any other high-value use. It is also potentially compatible 
with T&D deferral exclusive of the time periods reserved for that application. The further 
advantage in this case is that the only real power expended is due to efficiency losses in 
the storage system itself, and possibly the additional T&D losses incurred in moving the 
reactive power through the T&D network. The result is that the storage unit will be only 
partially discharged after providing reactive supply, shortening the normal recharge 
interval before the next transaction. 
Regulation: This service is defined as a “plus-minus” dispatch around a given operating 
point, such that total energy dispatched will equal total energy absorbed over the time 
period contracted, neglecting efficiency losses. Regulation via storage is technically 
compatible with both energy arbitrage and T&D deferral, though storage cannot provide 
these services simultaneously. 
Spinning Reserve: The generating unit must be on-line but unloaded, and capable of 
responding to operator commands to full power in 10 minutes. Though spinning reserve 
is compatible technically with buy-low-sell-high and T&D deferral applications, storage 
cannot provide spinning reserve at the same time that it provides T&D capacity or energy 
arbitrage . 
Supplemental Reserve: Similar to spinning reserve, except the unit may be off-line and 
must capable of connecting to the grid at full power in 10 minutes. Storage cannot 
provide both T&D deferral and supplemental reserve at the same time. 
Energy Imbalance: The storage unit may be called upon either to supply a net amount of 
power, or to absorb a net amount of power, due to imbalances in the market. Obviously, 
the storage unit can only absorb power if it is discharged, and supply power if it is 
charged. Therefore, though this ancillary service is technically compatible with both the 
T&D deferral and the energy buy-low-sell-high applications, operationally they are not 
compatible. 
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Load Following: Load following units discharge power to “follow” area or system load 
as it varies during the day. Load following is technically compatible with both energy 
arbitrage and T&D deferral, though storage cannot provide load following at the same 
time that it is used for the primary applications. 
Backup Supply: This is the third level of reserve, after spinning and supplemental 
reserves. Storage serving this application must be able to be on-line within one hour. This 
ancillary service is compatible with the primary applications though it cannot be provided 
at the same time as energy arbitrage or T&D capacity. 
Real Power Loss Replacement: Losses are nonlinear in nature and are difficult to 
compute in real time, making it correspondingly difficult to assign costs to particular 
market participants. Still, various arrangements under which losses could be accounted 
for in a market-based system have been proposed. The simplest approach may be to 
include Loss Replacement under the Regulation or Energy Imbalance functions rather 
than to account for it separately. This service is compatible with energy arbitrage, and 
possibly compatible with T&D deferral: by dispatching to clip system peaks, line losses 
will likely be reduced in the short term. However, in the long term, as average line 
loadings increase over time, line losses will increase. 1 
Dynamic Scheduling: This is a System Control function and hence not relevant for 
storage. 
Black Start: Similar to backup supply, with the added condition that the unit must power 
itself up with no help from the grid, which most storage technologies should be capable 
of. However, in order to qualify as a black-start-capable unit, the storage system must be 
fully charged and kept in reserve, since it is not possible to predict exactly when a 
contingency will cause a blackout. Because of the need to ensure that the unit is charged 
when needed, black start capability is not compatible with any other service or 
application. 
Network Stability: The dominant factor in damping of system oscillations is the speed 
of the phased response from the inverter. These power swings can occur simultaneously 
with other discharge modes by utilizing the short-term overload capability of the inverter 
system. The plus-and-minus dispatch of the unit during stabilizing operation results in the 
net power expended from the storage unit being relatively small, consisting of the 
damping power absorbed by the grid plus additional T&D system losses and storage 
system efficiency losses. Therefore, this service should be fully compatible with all other 
ancillary services, as well as with energy arbitrage and T&D deferral applications, 
without constraints, and even during charging periods. 
Congestion Management: Though this is not generally considered to be an ancillary 
service on the same basis as the ones described above, congestion management is an 
emerging need within the utility industry that is akin to ancillary services. The need for 
congestion management seems likely to increase as transmission corridors become 
overloaded during peak demand periods. 
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Storage used for congestion management must be in the proper location on the system in 
order to achieve congestion relief (i.e., downstream from constrained areas). As with 
reactive supply, the lack of sufficient competitive resources in specific geographical areas 
may lead FERC and state regulators to discourage the development of competitive 
markets for this service. However, assuming it is allowed, this service would be 
compatible with both energy arbitrage and T&D deferral, with the caveats previously 
stated. 
The matrix shown in Table (3-2 presents the above results in tabular form. 
G.4. Compatibility between Primary Applications and Ancillary 
Services, Summary Conclusions 
General Considerations 
Generally, if a storage unit is performing an ancillary service, it cannot simultaneously 
perform any other ancillary service or application. It is possible, though, to split the 
operation of the storage to accommodate different applications or services during 
different time intervals. The storage system can dispatch its stored energy as real power 
(kW or MW), or as reactive power (kVAR or MVAR), which can be independent of each 
other. 
Compatibility between Energy Arbitrage and Ancillary Services 
Applications 
For evaluating the compatibility of an ancillary service with energy arbitrage, it is 
assumed that the operator of the storage unit has full real-time knowledge of the markets 
and their respective price signals, and will manage the operation of the unit so as to 
maximize its economics. In general, the storage operator will dispatch those services or 
applications with the greatest monetary return (highest price signals), which may change 
on an hourly basis (but keeping in mind only one service or application can be served at a 
time). In some cases, ancillary services could be served while the unit is being charged or 
is only partially charged. 
Compatibility between T&D Deferral and Ancillary Services 
Applications 
For transmission and distribution deferral, it is assumed that the storage unit is contracted 
to dispatch during specified time periods (e.g., 2:OO to 6:OO p.m. on summer weekdays) to 
clip T&D loading peaks; generally, no other services or applications can be served during 
those contracted times. Outside the contracted times, the storage unit is free to serve 
whatever services it can, subject to the charging constraints of the T&D deferral 
requirements. 
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Table G-2 List of Ancillary Services and Their Characteristics 
Name Service Dispatch MillskWh’ $/kW-yea? Client4 Benefits/lssues 
System Control Continuous Daily N/A N/A TSO A control function FERC mandates, and 
Duration Frequency 
that TSO must supply; not relevant to 
storage. 
Reactive SupplyNoltage Continuous Daily 0.4 TSOlDSO Ditto above. Uncertain whether competitive 
Regulation markets for this service will be feasible. 
Normally contracted for a f MW, minute to Regulation 30.0 - 290.0 TSO 
Storage “Business” 
Compatibility with: 
Arbitrage T&D 
N/A N/A 
Deferral 
Yes yes3 
Yes I Continuous I Daily I yes3 I minute basis: real power averages - 0 over I I 
Notes: 1 Hirst, E., and Kirby, B., Oak Ridge National Laboratory: Ancillary Service Costs for 12 U.S. Electric Utilitiesg 
2 Taylor, R., Hoagland, J., Bradshaw, D.: Energy Storage for Ancillary Services, EESAT 2OOz3 
3 Caveat: Care must be taken to ensure that operation for ancillary services does not negatively impact the ability of the storage unit to operate 
for T&D deferral. 
Spinning Reserve 
Supplemental Reserve 
Energy Imbalance 
Load Following 
Backup Supply 
Loss Reduction 
Dynamic Scheduling 
4 TSO = Transmission System Operator; DSO = Distribution System Operator 
10 min. 20 per year (est.) 2.0 - 5.0 TSO Must respond within 10 minutes Yes yes3 
30 min. 10 per year (est.) 2.0 - 5.0 TSO Must respond within 10 minutes Yes yes3 
Continuous Daily 0.7 TSO Must respond to signals on an hourly basis Yes yes3 
Continuous Daily 0.5 TSOlDSO Must respond to signals on an hourly and Yes yes3 
1 to 2 hrs 3 per year (est.) 2.0 - 5.0 TSO Must respond within 1 hour Yes yes3 
Continuous Daily 1.3 TSOlDSO Deferring T&D using any distributed Yes yes3 
daily basis 
resource may lead to higher average line 
loadings, resulting in higher losses 
Continuous Daily TSO Essentially a control function; not relevant N/A N/A 
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Black Start 
Network Stability 
Congestion 
Management 
30 min. to 8 hrs 2 per year (est.) TSOlDSO Storage unit must be fully charged to be No No 
15 sec. - 1 min. Daily TSO Fully compatible with all other ancillary Yes Yes 
1 to 8 hours During local peak TSO Very location-specific; not certain Yes yes3 
able to qualify 
services and applications 
competitive markets will exist or be allowed. loading periods 
Appendix H. Depth of Discharge and Residency 
H.l. Depth of Discharge 
Figures H-1 and H-2 show the number of times that storage reaches a given discharge 
depth during one full year of operation for the arbitrage application. The two charts are 
for 70% and for 90% efficient storage plants, respectively, with discharge durations 
ranging fiom one hour to ten hours. 
1 2 3 4 5 6 7 8 9 10 
Storage Discham Duntlon (Houn) 
Figure €I-1. Depth of Discharge Frequency for 70% Efficient Storage Plant. 
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Figure H-2. Depth of Discharge Frequency for 90% Efficient Storage Plant. 
H.2. Residence Time at Various Depth of Discharge Levels 
Figures H-3 and H-4 show the amount of time that storage remains at a given level of 
discharge. Charts are for 70% and for 90% efficient storage systems. Life and 
maintenance costs for some storage technologies are affected by this condition. For each 
bar, the total number of hours is 8,760. 
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Figure H-3. Storage Residency for 70% Efficient Storage Plant. 
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Figure H-4. Storage Residency for 90% Efficient Storage Plant. 
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Appendix I. Vendor Questionnaire 
1 
1 .a 
2 
2.a 
3 
3.a 
3.b 
4 
4.a 
High Value-Added Energy Storage 
Applications Vendor Questionnaire 
July 22”d, 2002 
In the past, has your company considered energy arbitrage and T&D deferral as 
market opportunities for your storage products? 
If so, how would you describe your prior conclusions about the economic benefits 
and opportunities of this potential market? 
Using the benefits and technical requirements identified in the economic analysis; 
do you believe that your company could provide a storage product that is 
consistent with the performance requirements shown? 
If not, please describe what advances would be required to allow you to meet 
these performance requirements. 
Considering the life-cycle benefits estimated in this study as a target 
(indifference) life-cycle cost for storage, could your company provide a storage 
product whose cost that is at or below the benefits? 
Could you share what advances would be required to allow you to meet the 
indifference cost requirements? 
Would you be willing to specifl a specific price point for your companies 
product? If so, please separate out the initial capital cost and likely operational 
and maintenance costs. 
Considering your answers to 2 and 3, does this combined benefits opportunity 
look feasible and economically viable for you to consider in your business plans? 
A list of market challenges has been identified in this study. Please rank the 
challenges shown below. Please provide additional perspective on each. Please 
add any challenges which you believe to be absent from the list. (Ranking should 
be on a basis of Difficult, Somewhat Difficult, or Easy to overcome the 
challenges). 
Technology cost and performance (D, S, E) 
Barriers to economically efficient “risk and reward sharing” (D, S, E) 
Interconnection requirements (D, S, E) 
Permitting and siting (D, S, E) 
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Safety (D, S, E) 
Demonstrated viability (D, S, E) 
Unfamiliarity on the part of the user (D, S, E) 
Unknown risk profiles (D, S, E) 
5 A market vision will be written for this study. Would you please comment on the 
market vision you have for the storage applications identified. In your market 
vision, please identify market potential, timeframes to realizing such a market, 
and whom you see as likely owners of the storage technology (utilities, third party 
energy service companies, end user customers). 
6 What additional information or analysis is needed to either firm up the benefits or 
to validate them further, such that your markethusiness plan would indeed be 
modified to reflect a commitment to these markets? 
7 With the applications and benefits identified in the economic analysis, what steps 
should be taken next to enhance your ability in creating and realizing these 
markets? In your answer please consider the role of state and local regulators, 
utility financial and technical decision-makers, and the role of the federal 
government. 
8 Would you be willing to consider involvement and participation in related future 
work with the Department of Energy? 
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